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Higher alcohols synthesized via CO hydrogenation reactions have been a topic of 
intense study both in industry and academia for over thirty years. A variety of transition 
metals and promoters have been used in catalysts for this reaction. MoS2, in particular, is 
popular due to its low cost, resistance to sulfur poisoning, and ability to selectively 
produce higher alcohols over hydrocarbons. 
The bulk material has a rich history in hydrodesulfurization reactions (HDS), and 
as such, a great deal is known about the material’s structure and reactivity. However, 
even with this deep body of knowledge about the bulk catalyst, no one has yet been able 
to implement an industrially viable variation of the catalyst to make higher alcohols. 
Supported MoS2 has also been studied for the same purpose. Generally, supports 
are employed to improve catalyst productivity per gram of Mo by dispersing the metal 
and increasing the amount of catalytically active surface area. However, product 
selectivity may also be influenced by chemical properties of the supports. Specifically, 
gamma alumina has been shown to raise hydrocarbon formation due to intrinsic surface 
acidity.  
 In Chapter 2 of this thesis, the effects of basic supports on the CO hydrogenation 
reaction are reported. K promoted Mo is supported on two basic materials – commercial 
sepiolite (Si12Mg8O30(OH)4) and hydrotalcite-derived Mg/Al mixed metal oxides 
(MMO). The catalysts are reacted with syngas, and the resultant product selectivities are 
compared at isoconversions. Activated carbon supported Mo and bulk MoS2 are also used 
 xv 
 
as controls. It is shown that MMO provides a unique promotional effect by suppressing 
methanol formation and favoring higher alcohols. 
The specific role of MMO in the reaction is investigated in Chapter 3 by 
combining it in three different ways with Mo. 1) MMO is impregnated with Mo in the 
classic fashion. 2) Bare MMO or MMO/K is placed as a secondary bed downstream of 
the principle catalyst (K promoted Mo supported on MMO). 3) Bare MMO or MMO/K is 
mixed with the principle catalyst to make a homogeneous bed. 
It is shown that MMO by itself is somewhat inert in the reaction while MMO/K 
has some higher alcohol forming activity. More importantly however, it is shown that the 
MMO:Mo ratio has far greater effects on selectivity than the morphology of MoS2. There 
is evidence however that MoS2 morphology can affect activity. It is hypothesized that a 
greater degree of stacking in MoS2 domains leads to reduced activity. 
The existence of coupling and homologation pathways are investigated in Chapter 
4 by feeding methanol or ethanol into the syngas as it enters the catalyst bed. By 
comparing changes in the productivity of different higher alcohols with the liquid feed, it 
is shown that an MMO supported catalyst is much more reactive with methanol and 
somewhat more reactive with ethanol than its bulk MoS2 counterpart. It is shown that for 
both the bulk and supported catalysts, the addition of a Cx alcohol results in the largest 
increase in Cx+1 products, suggesting that alcohol homologation is in fact the most 
favored route to higher alcohols by these materials. 
In Chapter 5 of this thesis, conclusions are reported and MMO is discussed as an 
interesting and potentially useful support for higher alcohol formation because it serves 
both to disperse Mo as do other metal oxides and also to promote methanol reactivity, 
 xvi 
 
which results in lowered methanol selectivity and greater higher alcohol selectivities. 
Future directions for research are also discussed. 
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1CHAPTER 1: INTRODUCTIONa 
 
1-1 Syngas 
Syngas1-­‐3  has been a popular topic of research since the mid 1900’s. It is a 
combination of H2, CO, and CO2 and is typically derived from coal,4,5 natural gas,6,7 and 
biomass.8,9 It was first used by Fischer and Tropsch10 in the 1920’s to make long chain 
hydrocarbons. Syngas conversion is currently being investigated for the purpose of 
making fuels and chemical feedstocks.11-­‐13 
Along with methanol, ethanol and C3+ alcohols such as 1-propanol and 1-butanol 
are the focus of many studies due to their increasing use as fuel additives and chemicals. 
Syngas conversion over solid catalysts based on a multitude of transition metals has been 
studied for this purpose, including Cu, Fe, Zn, Ru, Rh, Mn, and Mo-based compositions. 
.11,12,14-26 
 
1-2 MoS2/K as selective catalyst for higher alcohols from syngas 
Molybdenum sulfide based catalysts, when combined with an alkali metal such as 
potassium,27-33 are of particular interest due to their low cost compared to noble metal 
catalysts, their high selectivity for C2+ alcohols, and their high resistance to sulfur 
poisoning. However, they also possess disadvantages such as lower activity than noble 
metal catalysts and the need for comparatively higher reaction pressures to achieve useful 
catalytic productivities. 13,18,34-38 To reduce this disadvantage, promoters such as 
cobalt30,32,33,39-42 have been added to increase alcohol selectivity and nickel43-45 has been 
used to improve catalytic activity. 
Historically MoS2 has been used in hydrodesulfurization (HDS) reactions to lower 
sulfur content in natural gas and fuels.46-48 MoS2 itself has a lamellar structure where 
                                                
a Material from this section has been published. Morrill, M. R. et al. ACS Catal. 2013, 3, 1665–1675. 
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layers have triangular prismatic unit cells.49-51 MoS2 domains can have as few as one layer 
of S-Mo-S atoms but often have 5 layers or more. Additionally, the material can take on 
crystalline or poorly crystalline character depending on synthesis method.52-54 Typically 
poorly crystalline MoS2 is preferred for the purpose of catalytic reactions due to a higher 
abundance of edge sites, which are believed to be most active.28,44,55 
In the context of using MoS2 for higher alcohol synthesis the addition of a basic 
promoter such as potassium is vital28,30,32,33,56,57. Other group I metals such as rubidium 
have also been effectively used.20 The role of alkali is believed to be several fold. First it 
serves to titrate hydrocarbon-forming Brønsted acid sites on the catalyst’s surface. By 
deactivating such sites, selectivity for alcohols increases. Notably however, alcohol 
productivity is not improved by this phenomenon alone because the number of alcohol 
producing sites is left unchanged. Second, alkali is believed to partially inhibit CO 
dissociation, which better allows for CO species to be inserted into CxHy species and then 
form oxygenates.28,58,59 Finally, alkali is believed to assist in the coupling of alcohols, 
which will be discussed later in the text.33,60 
 
1-3 Supports for MoS2/K 
In addition to bulk MoS2-based catalysts, supported MoS2 catalysts have also been 
widely evaluated as a means to maximize higher alcohol selectivity and productivity. 
Early academic studies were performed by Concha et al. and Tatsumi et al. using SiO2, 
TiO2, MgO, Al2O3, CeO2, and a variety of carbons as supports.31,56,61,62 Concha studied 
MoS2 with no alkali addition while Tatsumi studied reduced, oxidic Mo rather than MoS2. 
The authors found activity to be the parameter most affected by the support, with 
activated carbon yielding the most active catalyst and MgO the least. Both groups 
concluded that the support surface area could not be well correlated with activity.  
Tatsumi et al. followed up their initial work with studies of Mo supported on 
silica, where several olefins and alcohols were co-fed into the reactant syngas stream.63,64 
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They found added Cn olefins to yield higher amounts of Cn+1 alcohols and concluded that 
CO insertion was the primary chain growth mechanism over these catalysts, rather than 
methanol homologation or aldol condensation of lower alcohols (Guerbet reaction). They 
concluded that KCl served to suppress hydrocarbon formation while promoting 
hydrogenation of alkenes and hydroformylation reactions to form alcohols. Additionally, 
they found that KCl promotion did not alter isomer distribution, which suggested that C3+ 
primary alcohols were all formed via similar pathways. Finally, they showed that (acid 
catalyzed) alcohol dehydration pathways could be inhibited if an adequate amount of 
alkali was loaded onto the catalyst. 
Carbon supported MoS2 has also been widely investigated. In addition to the work 
of Tatsumi and Concha, studies were performed over activated carbon by many other 
researchers32,63-70 who further confirmed the ability of carbon supports to improve 
catalytic activity. Several other researchers studied MoS2 catalysts supported on multi-
walled carbon nanotubes (MWCNT).71-83 The primary findings of these studies were that 
use of MWCNT as supports generally improved activity over traditional activated 
carbons. This result was attributed to high dispersion of MoS2 domains that formed due to 
the nanotube structure. The authors quantified dispersion primarily via CO chemisorption 
but also used H2 chemisorption, XRD, TPR, and TEM to support their claims. These 
studies showed that Mo impregnation over highly microporous supports led to 
comparatively large metal agglomerates, which were less active for higher alcohol 
synthesis. This insight correlates well the previous observations that support surface area 
alone cannot be readily correlated to catalytic activity.  Finally, these studies on carbon 
supports showed that unless a promoter such as Rh was added to the catalyst, selectivity 
for methanol was the highest among the alcohols, regardless of alkali loading. 
A series of studies was performed on γ-alumina supported MoS2. Li et al. evaluated the 
effects of Pd and Rh addition, finding that the metals could also improve catalytic 
activity.84,85 They hypothesized that the improvement was due to increased Mo dispersion 
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as shown by X-ray diffraction (XRD) and laser Raman spectroscopy (LRS). Additionally, 
they found that the addition of Rh, a metal that shows significant higher alcohol activity 
and selectivity in its own right, increased C2+ alcohol selectivity. Several other studies 
described the effects of the calcination temperature of the MoOx/Al2O3 precursor on the 
activity and selectivity of the sulfided catalyst.86,87 These studies, one of which included 
Co in the catalyst, found that activity and higher alcohol selectivity increased with 
calcination temperature until reaching a plateau between 500 – 800 °C, with these effects 
attributed to the formation of specific K-Mo-O structures. The study of the cobalt-free 
catalysts showed that the alcohol distribution changed slightly with calcination 
temperature, with the catalyst being more selective for methanol when the calcination 
treatment produced the optimal activity.  
 
1-4 Importance of Mo-K interactions 
Jiang et al. investigated Mo-K interactions on γ-alumina supported MoS2.86-88 
They found that KCl served first to form “K-Mo-S” surface species, which favored 
alcohol formation. Second, they found that once the K:Mo ratio was high enough to 
saturate the Mo surface, additional KCl would aggregate and block hydrocarbon 
favoring, coordinatively unsaturated sites (CUS). While alkali metals are generally 
understood to inhibit hydrocarbon formation, the authors provided evidence that Mo-K 
interactions might specifically inhibit sulfidation and consequently lead to a less reduced 
catalyst.  
 
1-5 Reaction pathways and Mo structural significance 
Bian et al. investigated the reaction stability of a 13% Mo 4% K on a γ-alumina 
catalyst.89 They showed that the space time yield of alcohols increased dramatically for 
the first 15 hours of reaction and then increased more slowly until the 200 hour point 
where the reaction reached a nearly steady state. Using EXAFS they found the primary 
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difference between the freshly sulfided catalyst and the post-reaction catalyst to be Mo-
Mo and Mo-S coordination, both of which dropped over the course of the reaction. The 
authors concluded that the loss of sulfur from the catalyst surface resulted in the 
formation of “highly” CUS (Coordinatively Unsaturated Sites) that favored alcohol 
formation, observing that alcohol space time yield increased over time. 
This finding seems to contrast with the previously mentioned works that 
hypothesized that CUS sites favored hydrocarbon formation over alcohols.  However, the 
catalytic role of these sites in MoS2 catalysts in hydrogenation reactions has not yet been 
fully elucidated. Jalowiecki et al. evaluated the hydrogenation of isoprene over alumina 
supported MoS2 and showed that certain types of CUS sites favored isomerization while 
others favored hydrogenation.90 In their work, the CUS site structure was suggested to be 
altered simply by changing the MoS2 loading. In that study, Mo loadings between 3 and 
16 % yielded MoS2 slabs of different dimensions and number of stacked layers. These 
differences yielded varying amounts of low sulfur CUS sites located on edge planes.  
Perhaps the two most important findings of the body of work on CO 
hydrogenation over supported MoS2 are that dispersing MoS2 domains greatly enhances 
catalytic activity and that the support itself can affect selectivity by facilitating other 
reaction pathways, some of which are undesired such as alcohol dehydration. With these 
findings in mind, we investigated91 the use of mesoporous Mg/Al mixed metal oxide 
(MMO) derived from layered double hydroxides92-94 as a support to create dispersed 
MoS2 domains for higher alcohol synthesis. We hypothesized that a more basic support 
would promote alcohol forming reactions, unlike γ-alumina, which is acidic, and is 
known instead to promote alcohol dehydration. We found that the MMO support, when 
loaded with 5 wt. % Mo, showed strikingly lower methanol selectivity than other 
supported catalysts, deviating from a typical Anderson Schulz Flory distribution, while 
maintaining a high C2+ alcohol selectivity at 8 % CO conversion. In that report, 91 we 
postulated that the role of secondary reactions such as alcohol coupling could be a cause 
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of the unusual alcohol distribution significantly biased towards C2+ and other higher 
alcohols.  
 
1-6 Significance of Mo loading 
We chose to further investigate the Mo/K/MMO catalyst system by varying the 
Mo and K loadings while operating at low CO conversions. Indeed, it was expected that 
changes in reactivity would be observed, as the previously mentioned work on diene 
hydrogenation over γ-alumina supported MoS2 showed that Mo loading itself had 
significant effects on the product distribution.90 Additionally, several other studies have 
also investigated the hydrogenation activity of MoS2-based catalysts and correlated the 
Mo domain size with reactivity.50,95  
Several groups have investigated the effects of Mo loading specifically on CO 
hydrogenation reactions. Bian et al.96 studied γ-alumina supported MoS2/K and showed 
that higher alcohol selectivity and productivity increased with Mo loading. However, in 
that work, alkali metals were added to the material, and the K:Mo (0.8:1) ratio was 
conserved for each catalyst (loaded from 3 wt. % to 18 wt. % Mo). This conservation 
naturally led to decreasing support acidity with increasing Mo (and K) loading, due to the 
acid-neutralizing effects of the added K. Given that acidic γ-alumina has been shown to 
dehydrate alcohols by itself97-99 or when used as a support with MoS2,100 this change in 
support acidity may overshadow reactivity differences caused by the variations in Mo 
CUS that result from different Mo loadings.  Li et al. performed a similar study on 
activated carbon supported MoS2-K (loaded from 15 wt. % to 37 wt. %).67 They showed 
that increasing Mo loading led to a decreasing methanol to C2+OH ratio and an increasing 
catalytic activity up to a Mo loading of 27 %. They attributed these outcomes to “more 
complete” Mo-K interactions that came about as Mo-support interactions became 




1-7 Alcohol coupling 
Based on past work,60,67,101-103 alcohol coupling reactions, notable alternative 
pathways to higher alcohols over classic CO insertions,33,60,101-103 may play an important 
role in the formation of higher alcohols over supported MoS2 catalysts. Specifically, aldol 
condensations between adsorbed intermediates are believed to yield an additional 
pathway to higher alcohols. Christensen et al. recently investigated this phenomenon in a 
study whereby they co-fed ethanol with the syngas over alkali-promoted bulk MoS2 
catalysts.33,60 Their results showed that a 5 mol % co-feed yielded greater increases in 1-
butanol than in 1-propanol productivity – a result that contradicts the expectations of the 
classic CO insertion pathway that was suggested to operate in a number of 
reports.33,60,63,64,104 They hypothesized that the higher alcohol formation pathway was in 
fact an aldol condensation of two ethanol molecules.  
The coupling of two primary alcohols, one of which must have a beta carbon, via 
aldol intermediates is known as the Guerbet reaction, which has been shown to occur 
over Pd, Rh, Ni, and Cu catalysts.105-112 Additionally, basic metal oxides have also proven 
to be useful catalysts or catalyst supports for this reaction. 101,103,113-116 Given this 
background, alkali-promoted, MMO-supported MoS2 could form higher alcohols either 
by (i) a classical CO insertion into a growing hydrocarbon chain, as in the work of 
Tatsumi et al. 63,64 and/or by (ii) condensing adsorbed aldehyde-like species that may 
come from reaction intermediates or stable alcohols that were formed and readsorbed.60 
The present work addresses the role of the Mo and K loadings on the catalytic activity 
and selectivity of the Mo/K/MMO catalyst family and sheds new insights into the 
possible importance of the various pathways described above in yielding the unusual 






1-8 Topics of this dissertation 
 The present work is aimed at addressing the use of MMO as a support for MoS2. 
It first focuses on the comparative advantages of MMO over other supports for alcohol-
forming CO hydrogenation reactions (Chapter 2). This first study is followed by a more 
detailed investigation of the functionality of MMO in the reaction and of the character of 
Mo domains on the support (Chapter 3). Finally, pathways to higher alcohols are 
elucidated by interpreting the results of methanol and ethanol co-feed experiments 
(Chapter 4). This thesis presents a comprehensive picture of both how MMO yields novel 
selectivity results and how this character may prove useful in the creation of catalysts in 
the future.  
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2CHAPTER 2: INVESTIGATION OF BASIC SUPPORTSb 
 
 Mo is supported on commercial activated carbon, commercial sepiolite, and 
Mg/Al mixed metal oxide material (MMO) and then promoted with K2CO3 and sulfided 
in-situ. The catalysts are then used in CO hydrogenation reactions at 310 °C, 1500 psig, 
CO:H2 1:1, 50 ppm H2S, and a flow rate of 15 – 60 SLPM.  The productivity and 
selectivities of these catalysts are compared to the reaction run on a lab-synthesized bulk 
MoS2/K catalyst. The MMO-supported catalyst is shown to be substantially more 
selective for C2 – C4 linear alcohols than for methanol and offers good alcohol to 
hydrocarbon selectivity. Unlike the other three catalysts used in the study, methanol 
selectivity of the MMO supported material deviates greatly from the Anderson-Shultz-
Flory (ASF) distribution.  
 
2-1 Experimental details 
2-1-1 Support preparation 
Activated carbon and sepiolite were obtained from commercial sources (Aldrich 
and Tulsa respectively). The MMO support was synthesized using methods similar to 
those described in the literature.91,117-119  In brief, three solutions were prepared – A, B, 
and C. Magnesium nitrate hexahydrate (Alfa Aesar, 98 – 102%), aluminum nitrate 
nonahydrate (Alfa Aesar, 98 – 102%), and distilled water were combined with an 
approximate Mg:Al molar ratio of 7:3 and 0.6 M in metal ions to make solution A. 
Solutions B and C were 1.2 M NaOH (EMD, 97.0%) and 0.15 M Na2CO3 (Aldrich, 
99.5+%) respectively. 
First, 100 ml of solution C was heated to 65 °C and stirred. 360 ml of solutions A 
and B were then added simultaneously to C at a constant flow rate of approximately 11 
                                                
b Material from this section has been published.91 
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ml/min with constant stirring. The flow rate of solution B was varied to maintain a 
mixture pH of 9.5 +/- 0.05 measured with an Oakton 110 series pH meter.  After the 
addition of solutions A and B, the resultant mixture was stirred for 24 hours at 65 °C, 
filtered at room temperature, washed with 2 L of distilled water, and dried overnight at 
105 °C. Finally, the material was ground with a mortar and pestle and heated in a 
calcination oven to 450 °C at 5 °C/min in ambient air for 2 hours to convert it from 
hydrotalcite to MMO. 
2-1-2 Molybdenum impregnation 
Supported MoO3 was synthesized on the various carriers by an identical incipient 
wetness impregnation procedure followed by a thermal treatment. To prevent hydrotalcite 
“memory” effects117-121 which potentially reduce catalytic activity by increasing crystallite 
size and “burying” promoters, DMSO (Aldrich, 99.9+%) was used as the impregnation 
solvent. A more thorough treatment of this topic is found in Appendix A. 
Targeting approximately 5% wt. Mo, an appropriate amount of ammonium 
molybdate tetrahydrate (AMT) (Aldrich, ACS Reagent) and DMSO were combined and 
stirred at room temperature until the AMT was dissolved. The solution was then added to 
the support and heated at 135 °C for 12 hours in open atmosphere. The resultant solid 
was then placed in a quartz tube and heated to 450 °C for 2 hours with a heating rate of 5 
°C/min under 40 ml/min of flowing nitrogen. The sample was then cooled to room 
temperature and stored in a sealed vial and filled with argon.  These samples consisted 
primarily of MoO3 dispersed on the support. 
Bulk molybdenum sulfide was prepared from methods described in the 
literature.30,32,33,122 AMT and 20 % (NH4)2S  (Alfa Aesar, 20 – 24% aq.) were combined 
and stirred for 1 hour at 65 °C. A 25 wt. % acetic acid solution was then added to the 
mixture to precipitate the thiomolybdate. After allowing the mixture to cool, it was 
filtered and washed with distilled water. The compound was then decomposed by heating 
at 5 °C /min to 450 °C under 40 ml/min flowing nitrogen for two hours to form MoS2. 
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Before use in catalytic reactions, K2CO3 (Sigma-Aldrich, 99%), previously treated at 105 
°C, was added to the supported MoO3 or unsupported MoS2 and ground using a mortar 
and pestle for 15 minutes. The mixture was pressed into 10 mm pellets at 1000 psig, 
crushed, and sieved to 20 – 40 mesh. The catalyst was then loaded into a ¼” steel tube 
with a layer of SiC (Alfa-Aesar, 46 grit) at its base and flushed with nitrogen in a down-
flow configuration. The oxide pre-catalysts were then characterized with a variety of 
techniques described in the following sections. 
2-1-3 X-ray diffraction (XRD) 
Powdered X-ray diffraction was employed to assess the bulk domains of the 
catalyst. Data was collected using a Philips X-pert diffractometer using CuKα radiation. 
Samples were first ground into a fine powder with a mortar and pestle, and approximately 
300 mg was then loaded into an aluminum sample tray. The sample was then pressed into 
a flat wafer while still inside the tray and analyzed at 40 mV and 40 mA at a 2 θ from 10 
– 90 °.   
2-1-4 Nitrogen physisorption 
 Surface area and pore volume data were collected via nitrogen physisorption at 77 
K using a Micromeritics Tristar II. Approximately 150 mg of sample was loaded into a 
custom 15 ml Micromeritics sample tube and heated to 200 °C under vacuum for 10 
hours before analysis. Data was collected at partial pressures ranging from 0.001 to 1.00 
– 35 points for the adsorption curve and 35 points for the desorption curve. 
2-1-5 Raman spectroscopy (LRS) 
Raman spectra were also used to assess Mo domain structure and composition. 
The data were obtained using a Witec confocal Raman microscope (Alpha 300R) with an 
Ar+ ion laser (λ = 514.5 nm) with 1 mW of intensity of the excitation source.  The 
microscope magnification was set to 10x with a high resolution grating of 1800 dpi. 
Samples were scanned from 200 – 1500 nm. 
2-1-6 Elemental Analysis (EA) 
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 Elemental analysis was performed with a Perkin Elmer Optima 7300 DV 
equipped with an optical emission spectrometer. Aliquots of each catalyst were digested 
in an H2O2/HNO3 solution and then analyzed in duplicate.  
2-1-7 Temperature Programmed Desorption (TPD) 
Basic sites were quantified via temperature-programmed desorption of CO2 using 
a Micromeritics Autochem II. In these experiments, ca. 0.12 g of sample was loaded into 
a quartz sample tube. Helium (Airgas, UHP) was passed over the sample at 50 ml/min to 
pretreat each material as it was heated to 700 °C at 10 °C/min. The sample was then 
cooled to 50 °C and exposed to pure CO2 (Airgas, research grade) at 50 ml/min for 2 
hours. The tube was then flushed again with He at 50 ml/min for one hour. Finally the 
sample was heated (under flowing He) to 700 °C at 10 °C/min, and a TCD was used to 
quantify the desorbing gas.  
Acid sites were quantified using the same instrument, but using 2% NH3 in N2 
(Matheson-Trigas, 1.871% NH3) as the probe molecule. The TPD procedure was 
identical to that of the CO2 TPD, except that sample was heated only to 450 °C, cooled to 
100 °C, then exposed to 0.2% NH3/N2, and heated again to 450 °C.  
2-1-8 Reaction 
Before reaction with syngas, 10% H2S/H2 (Matheson Tri-Gas, UHP) was passed 
over the catalyst at 40 ml/min. During the flow the bed was heated from 22 °C and 15 
psig to 450 °C at 5 °C/min and held for 2 hours. While still under 40 ml/min H2S/H2 flow, 
the bed was allowed to cool to 310 °C. Finally, the reactor was flushed with syngas, 1:1 
H2(Airgas, UHP):CO (Airgas, UHP and 50 ppm H2S, diluted from 5000 H2S in He, 
Matheson Tri-Gas, UHP, purified with 5A molecular sieve carbonyl trap) at 100 ml/min 
for 5 minutes and then pressurized to 1500 psig. Reactions were carried out until activity 
and product selectivity stabilized, which took 2 to 4 days.  A summary of these 
parameters is shown in Table 2.1. Several precautions had to be taken to keep syngas 
composition consistent over the course of reaction and to ensure reaction parameters such 
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as temperature and pressure were properly being controlled. These precautions are 
discussed in Appendices B and C respectively.  
The Weisz-Prater criterion was used to ensure that the reaction was not mass 
transport limited. Additionally, the potential for hotspots on the catalyst surface was 
investigated by comparing approximate reaction enthalpy with the heat transfer 
coefficient for the MMO supported catalyst. The calculations indicated that the reaction 
would not cause catalyst particle surface temperature to climb more than 0.5 °C. These 
calculations are discussed further in Appendix D.  
 
Table 2.1. Summary of reaction parameters 
Parameter Magnitude 
Pretreatment 
Pressure (psig) 15 
Temperature (°C) 450 
Gas Flow (SLPM) 
Heating Rate (°C/min) 
0.02 
5 
H2S Concentration (%) 10% 
Time (hr) 2 
Reaction 
Pressure (psig) 1500 
Temperature (°C) 310 
Syngas Flow (SLPM) 0.010 - 0.100 
H2S Concentration (ppm) 50 
CO:H2 1 
 
CO conversion, product yields and selectivities were calculated from pseudo-
steady-state data.  The space velocity was adjusted by varying the syngas flow rate until a 
conversion of ca. 8% was reached. Following reaction, the reactor was depressurized and 
allowed to cool to room temperature (~23 °C). The catalysts were then passivated while 
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inside the reactor by passing 1% O2 in He (Matheson Tri-gas, UHP) for 6 hours at room 
temperature and 40 ml/min through the reactor.  
2-1-9 Product quantification via gas chromatography (GC) 
An Agilent 7890 GC was used to quantify reaction products. Specifically, 
methane, ethane, propane, butane, ethylene, carbon dioxide, methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, 2-methyl-1-propanol, methyl acetate, ethyl acetate, 
methyl formate, ethyl formate were quantified using single point calibration curves. The 
GC was equipped with two thermal conductivity detectors (TCD) and one flame 
ionization detector (FID).  The reactor outlet was sampled online through 3 sample loops 
connected in series, which were later injected into the GC columns in parallel. The 
plumbing configuration of the GC columns and detectors along with their specification 






Figure 2.1. GC sample loop, column schematics, and plumbing diagram of the 
instrument used in study. 
 
2-2 XRD measurements  
 XRD patterns of the synthesized materials are shown in Figure 2.2. The bulk 
MoS2 pattern showed distinct 002, 100, 103, 105, and 110 MoS2 planes. Peaks associated 
with the 100 and 110 planes could also be observed in the activated carbon and MMO 
supported samples, though they were substantially less intense, indicating smaller and/or 
less crystalline domains. Features associated with MoS2 planes were not discernible on 
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the sepiolite supported sample, possibly because they overlapped with the pattern of the 
support itself.  
 
 
Figure 2.2. XRD of supported and unsupported K2CO3 promoted MoS2. Supported 
samples were sulfided in-situ and reacted with syngas for 2-4 days. 
 
2-3 Raman Spectroscopy 
Raman spectroscopy also revealed the presence of MoS2 domains as shown in 
Figure 2.3. In all but the activated carbon supported sample, characteristic123 Mo-S 
stretching bands were readily observable at 380 and 408 cm-1. The estimated resolution of 
the spectrometer is approximately 2 cm-1, and as such, the observable bands are 
considered identical. The stretches were less apparent in the activated carbon sample 




Figure 2.3. Raman spectroscopy of the reaction-aged, sulfided catalysts using a 1800 
grating, 514 nm, 0.5 mW laser 
 
2-4 Nitrogen Physisorption 
The BET surface areas (reported in Table 2.2) computed from nitrogen 
physisorption data show that the activated carbon and sepiolite catalysts lost surface area 
over the course of sulfidation and reaction. This result may be a consequence of sintering 
or carbon/sulfur deposition.  The MMO supported catalyst showed a slight increase in 
BET surface area, but the difference is considered to be within the error of the 
instrument. Strong metal-support interactions not found could reduce the potential for 
sintering. The catalysts all showed a lower post-reaction molybdenum content, which 
supports the hypothesis of carbon buildup on the catalyst surface. Pore blockage from 
hydrocarbon wax build up is also a possible cause for reduced surface areas. However 
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volatile product analysis reveals only low molecular weight hydrocarbon species and 
there were no waxes found in downstream traps. 
The carbon-supported catalyst appears to lose a significant amount of Mo and K 
over the course of reaction. This outcome is most likely a result of carbon deposition 
from CO reacting on the catalyst surface, which is common for carbon supports that have 
some microporous character. 74,124,125 
 
Table 2.2. Pre-reaction/sulfidation catalyst and sulfided, reaction aged catalyst 
compositions and surface areas measured via ICP and nitrogen physisorption 
respectively. 
 
















Bulk 30.3 14.5 89  29.8 14.5 - 
MMO 5.2 2.1 71  4.9 2.1 78 
Carbon 4.3 1.8 331  2.2 0.9 175 
Sepiolite 4.5 3.0 89  4.0 2.1 76 
 
 
2-5 Reactivity Results 
The results of the catalytic reactions are reported in Table 2. The bulk MoS2 
catalyst, showed high selectivity for both methanol and ethanol. This result is consistent 
with that found in other studies. 30,32,33,44,126,127 
 Additionally, methane accounted for most of the hydrocarbons produced over 
this catalyst. The MMO-supported catalyst showed the greatest C2+OH selectivity overall 
at 55.5%, in addition to the highest 1-propanol and 1-butanol selectivities.  Most notable 
was the low methanol selectivity, which was uncharacteristically substantially lower than 
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the ethanol, 1-propanol, and 1-butanol selectivities. By comparison, the methanol 
selectivity on the MMO supported catalyst was almost 8 times lower than that observed 
in the bulk MoS2 catalyst. The MMO supported catalyst was less active than the activated 
carbon supported and bulk catalysts. Given the hypothesis that basic alkali blocks active 
sites, it is possible the MMO support interacts with the MoS2 domains in a similar 
fashion. 
 
Table 2.3. Reaction results of supported and unsupported MoS2 Catalysts. 
  % Selectivity 

















Bulk 8004 8 34.1 32.9 5.5 0.9 19.6 39.3 22.2 0.23 
MMO 1377 8 4.5 25.9 18.7 10.9 13.9 55.5 37.0 0.23 
Carbon 3973 8 14.2 33.5 13.6 4.6 15.7 51.7 32.0 0.88 
Sep 1937 8 2.7 5.0 2.3 1.0 20.3 8.3 88.5 0.06 
 
When activities are normalized per gram of molybdenum, the activated carbon 
supported catalyst was the most productive for higher alcohols with an hourly 
productivity of 0.88 g-C2+OH/g-Mo/hr. The MMO and bulk samples had roughly the 
same activity, at 0.23 g-C2+OH/g-Mo/hr, and the sepiolite sample was the least active at 
0.06 g-C2+OH/g-Mo/hr. Of the supports used in this study, activated carbon was the least 
basic as shown by CO2 TPD as shown in Table 2.4. While it is not fully established 
whether support basicity has a similar effect on catalytic activity and selectivity as alkali, 
it is noteworthy that the most neutral support, activated carbon, had the highest activity 
while the most basic support, MMO, had the lowest. While catalytic activity did appear 
to correlate with support basicity, other factors, such as differences in MoS2 dispersion 
among the different catalysts may also influence the results.  Counter to this hypothesis, 
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XRD shows that the supported catalysts are all highly dispersed, although future, more 
detailed investigations of the MoS2 domains are needed. 
 
Table 2.4. NH3 and CO2 TPD results for supports used in this study. 
 
Supports NH3 Uptake (mmol/g) CO2 Uptake (mmol/g) 
Sepiolite 0.29 0.08 
MMO 0.20 0.21 
Activated Carbon 0.01 0.02 
 
The sepiolite supported catalyst was highly selective for hydrocarbons, most 
likely due to its high acid site content as shown by NH3 TPD as shown in Table 2.4. A 
similar result was observed when syngas was reacted over acidic alumina and silica 
supported MoS2.44,59,100,126,128  While CO2 TPD shows the catalyst does possess some basic 
sites, we hypothesize that the acid sites are not adequately neutralized at the potassium 
levels used here, and hence hydrocarbon formation is more highly favored in the reaction 
of syngas over this catalyst under these conditions. 
Interestingly, the methanol selectivity was lower for both the carbon and MMO 
supported catalyst than for the bulk catalyst.  However, the MMO supported catalyst 
yielded selectivities that were much more strongly biased towards C3+ alcohols than any 
of the other catalysts. 
The Anderson-Shultz-Flory distribution of the alcohols reported in Figure 2.4a. 
shows that the MMO supported catalyst deviates substantially from the trend shown for 
ethanol, 1-propanol, and 1-butanol. Additionally, the chain growth parameter, α, is the 
largest for the MMO supported sample among the catalysts studied, indicating a higher 




The ASF distribution shown in Figure 2.4b for hydrocarbons reveals that the 
MMO supported catalyst possessed a greater chain growth probability than the activated 
carbon and bulk catalysts. There are a multitude of possible explanations for this 
observation. These include hydrogenation of methanol to form methane. However, 
methane selectivity seems to follow the ASF trend. Alternatively, some form of metal-
oxide promoted alcohol coupling could contribute to the ASF distribution of alcohols on 
the MMO catalyst. This phenomenon has been observed on transition metal free 
MgxAlxOx103 and on a Cu/ZnO catalyst.34,35 In addition, Christensen et. al.60 showed that 
alcohol coupling was possible over CoMoS when an ethanol co-feed was used in 
conjunction with syngas. In that work, reactions showed increased 1-butanol and 1-
propanol selectivity in addition to higher selectivities for higher hydrocarbons. Although 
these findings are not directly analogous to syngas reactions over MMO supported MoS2, 
they suggest that there are multiple potential pathways that may contribute to the unique 









Figure 2.4. The ASF distribution of alcohols (a) and hydrocarbons (b) on various 
supported and unsupported potassium promoted MoS2 catalysts. The α values (chain 
growth parameters) were computed for C2 – C4 linear alcohols and for C1 – C4 linear 
hydrocarbons. 
 
Another possibly complementary explanation of the uncharacteristically low 
methanol selectivity observed on the potassium promoted, MMO supported MoS2 
catalyst may be associated with the capacity of metal oxides, MgO in particular, to 
decompose methanol to H2, CO, and CO2.33,129,130 Goodarznia et. al.131 showed that C2 
oxygenates such as methyl formate and ethanol could be formed from methanol alone 
when MgO was combined with potassium and copper. MMO supported MoS2 may 
possess a similar capacity. 
Finally, low methanol selectivity may possibly be explained as an artifact of 
basicity – whether it comes from the support or from an alkali promoter. Several studies 
that investigated the impact of potassium loading found that the methanol to ethanol ratio 
reached a minimum around the level that potassium loading was optimal for higher 
alcohol productivity.58,88,132,133 Ultimately, additional investigation is needed to better 





It has been demonstrated that MMO supported K/MoS2 materials bring unique 
aspects to catalytic mixed alcohol synthesis from syngas. First, the catalyst allows for 
lower methanol selectivity, well below the values predicted by the ASF distribution. 
Second, the catalyst increases alcohol chain growth, yielding high selectivities for 1-
propanol and 1-butanol. The relative and possibly complementary effects of the alkali 
promoter and MMO support as well as the mechanism(s) leading to the unique product 









A series of MoS2 catalysts supported on Mg/Al hydrotalcite-derived mixed-metal 
oxide (MMO) supports promoted with K2CO3 is used for alcohol synthesis via CO 
hydrogenation.  Alcohol selectivities are found to vary greatly when the Mo is loaded on 
the support at 5 wt. % compared with 15 wt. % Mo samples, all with a Mo:K atomic ratio 
of 1:1. The most striking difference between the catalysts is the comparatively low 
methanol and high C3+ alcohol selectivities and productivities achieved with the 5 % Mo 
catalyst. This catalyst also produces more ethane than the 15 % Mo catalyst, which is 
shown to be associated with ethanol dehydration and hydrogenation over residual acid 
sites on this catalyst with lower K content.  
A series of catalysts with a nominal composition of 5 % Mo and 3 % K supported 
on MMO prepared in different manners all yield similar catalytic selectivities, thus 
showing that selectivity is predominately controlled by the MMO to Mo ratio, rather than 
the synthetic method.  When the Mo loading is the same, catalytic higher alcohol 
productivity may be correlated to the degree of stacking of the MoS2 layers, as assessed 
via X-ray diffraction and scanning transmission electron microscopy. Control reactions 
where K loading is increased or the positioning of the MMO in the catalyst bed is 
changed via creation of multiple or mixed catalyst beds show that Mo/K/MMO domains 
play a significant role in alcohol forming reactions.  
Higher alcohol forming pathways are proposed to occur via CO homologation 
pathways or via coupling of adsorbed reaction intermediates at or near MoS2 domains.  
No evidence is observed for significant alcohol coupling pathways by adsorption of 
alcohols over downstream, bare MMO supports, although some coupling may occur over 
                                                
c Material from this section has been published.. Morrill, M. R. et al. ACS Catal. 2013, 3, 1665–1675. 
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K-promoted MMO supports. Nitrogen physisorption, XRD, Raman, UV-vis DRS, 
STEM, and XANES are used to characterize the catalysts, demonstrating that the degree 
of stacking of the MoS2 domains differs significantly between the low (5 % Mo) and high 
(15 % Mo) loading catalysts. 
 
3-1 Experimental details 
3-1-1 Catalyst Preparation 
MMO supported catalysts with approximate Mo loadings of 5 and 15 wt. % were 
synthesized and combined with K2CO3 (Sigma-Aldrich, 99 %) in a manner similar to our 
previous study.91 For this paper, the samples are referred to as Mo/K/MMO-5,3 (the first 
number, 5, denoting nominal Mo weight loading and the second number, 3, denoting K 
weight loading) and Mo/K/MMO-15,9 respectively. In brief, MMO was made via co-
precipitation of a magnesium nitrate hexahydrate (Alfa Aesar, 98–102 %) and aluminum 
nitrate nonahydrate (Alfa Aesar, 98–102 %) aqueous solution (Mg:Al molar ratio of 7:3 
and 0.6 M in metal ions) and with 1.2 M NaOH (EMD, 97.0 %) and 0.15 M Na2CO3 
(Aldrich, 99.5+ %) at 65 °C and a pH of 9.5. The solution was then stirred for 48 hours, 
filtered, washed with deionized water, dried at 105 °C, then calcined at 450 °C for 2 h.  
Ammonium molybdate tetrahydrate (AMT) (Aldrich, ACS Reagent) was dissolved in 
DMSO (Aldrich, 99.9+ %) and added to MMO at room temperature via incipient wetness 
impregnation. As previously mentioned, DMSO was used as an impregnation solvent 
rather than water to prevent the partial reformation of the original hydrotalcite structure. 
The material was then dried in open atmosphere at 135 °C for 12 hours, loaded 
into a quartz tube, and decomposed via heating to 450 °C for 2 h with a heating rate of 5 
°C/min under 40 ml/min of flowing nitrogen, which was used rather than air to maintain 
consistency with the previous study which included carbon as a support. 
Due to the low solubility of AMT in DMSO, the incipient wetness impregnation 
step was repeated multiple times to load adequate AMT onto the MMO support for 
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Mo/K/MMO-15,9. After each impregnation, the sample was heated to 135 °C in open 
atmosphere for approximately 12 hours, then cooled to room temperature again. After the 
decomposition step (heating to 450 °C for 2 h), the resultant MoOx/MMO samples were 
physically ground for 15 minutes with  K2CO3 (Sigma-Aldrich, 99 %, stored in an oven at 
105 °C), pressed into 10 mm pellets at 1500 psig, crushed, and sieved to 20 – 40 mesh. 
For catalytic reactions, sieved particles accounting for approximately 50 mg Mo 
(1.0 g of a 5 % Mo catalyst and 0.33 g of a 15 % Mo catalyst) were loaded into a ¼” steel 
tube and pretreated with 10 % H2S/H2 (Matheson Tri-Gas, UHP) as described in our 
previous study.91 Reaction parameters are summarized in Table 2.1. Namely syngas 
composed of 45 % H2  (Airgas, UHP), 45 % CO (Airgas, UHP, purified with 5A 
molecular sieve carbonyl trap), 10 % N2 (Airgas UHP) as an internal standard, and 50 
ppm H2S (from 5000 ppm H2S in He, Matheson Tri-Gas, UHP) was fed over a packed 
bed of catalyst at 310 °C and 1500 psig at flow rates from approximately 10 – 100 
standard ml/min (700 – 17000 ml syngas/g catalyst/hr). Reactions were carried out until 
activity and product selectivity stabilized, which took approximately 4 days. Conversions 
were then changed as needed by changing syngas flow rate through the reactor.  Please 
note that studies of toxic (CO, H2S) and flammable (H2, CO, H2S) gases under high 
pressure requires significant safety precautions. 
3-1-2 XRD and N2 physisorption 
XRD and N2 physisorption were performed identically to what was performed in 
the previous chapter. 
3-1-3 Raman and UV-visible diffuse internal reflectance spectroscopy (UV-vis) 
Raman spectra were obtained for both the oxide and sulfide samples using a 
Witec confocal Raman microscope (Alpha 300R) with an Ar+ ion laser (λ = 514.5 nm) 
with 1 mW (for MoS2) and 3 mW (for MoOx) excitation source intensity. UV-Vis spectra 
were obtained on a Cary UV-Vis 500 with an internal diffuse reflectance cell. Pure MMO 
was used as a background. 
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3-1-4 Scanning Transmission Electron Microscopy (STEM) 
Several of the sulfided samples were analyzed with STEM. Samples for STEM 
were prepared by dispersing the materials in 2-propanol, sonicating the dispersion, and 
dropping small aliquots of the suspension on a TEM grid. Images were collected on a 
JEOL 2200FS-AC STEM operating at 200 keV at Oak Ridge National Laboratory. Each 
sample was scanned in three to 5 different locations with the user zooming in on regions 
that contained layered MoS2 structures. 
3-1-5 X-ray absorption spectroscopy (XAS) 
XAS was performed at beam lines X18B and X23A2 of the National Synchrotron 
Light Source (NSLS), Brookhaven National Laboratory.  The storage ring was typically 
operated at 2.8 GeV with a ring current of about 300 mA. The XAS data were obtained in 
the transmission mode at the Mo K edge (20 keV) with a spot size of 0.5mm × 5mm. The 
Mo K edge spectra were measured at room temperature in air with Mo foil (0.015 mm, 
99.9%, Goodfellow) as energy references. Supported Mo samples were ground with 
boron nitride (99%, Aldrich) to obtain an absorption thickness of 1 inside a 5/32” ID 
Pyrex tube. Three scans from 19700 eV to 21220 eV were collected for each sample. The 
XAS data were processed using the Athena134 software for background removal, post-
edge normalization, and X-ray absorption near-edge structure (XANES) analysis. 
Standard bulk MoS2 (Acros, 98.5%) was used to determine the amplitude reduction 
factors (S02) for Mo−S and Mo−Mo. The interatomic distances (r), coordination numbers 
(CN), Debye−Waller factors (σ2), and energy shifts (ΔE0) were derived from fitting the 
results in the Artemis software package.134 The extended X-Ray absorption fine structure 
(EXAFS) results were fitted in R-space using two shells (Mo–S & Mo–Mo) generated 







XRD patterns of the synthesized materials are shown in Figure 3.1. Diffraction 
lines that are characteristic of the MgO component of MMO at 44° and 64° were readily 
apparent on all supported samples. The lines are smaller on Mo/K/MMO-15,9 mostly 
likely due to disruption of MMO crystallinity on account of larger concentrations Mo and 
K. A single diffraction line at 27° that corresponds to the (021) plane in MoO3136 is 
observed only on the oxide precatalyst form of Mo/K/MMO-15,9. The Mo/K/MMO-5,3 
counterpart does not show this diffraction line because the MMO support contains 
comparably smaller Mo domains. This difference is also reflected in the Raman and UV-
vis spectra, which are discussed later in the text. 
Both the oxide precatalyst forms of Mo/K/MMO-5,3 and Mo/K/MMO-15,9 show 
small peaks around 32° that are characteristic of potassium molybdate structures.  Small 
peaks for the MoS2 [100] (33°) and [110] (58°) planes were observed on both supported, 
sulfide samples. An interesting difference between the sulfide catalysts is observed for 
the [002] plane of sulfide domains at 14°, which is prominent for the bulk MoS2 sample, 
apparent for the Mo/K/MMO-15,9 catalyst, and absent for the Mo/K/MMO-5,3 catalyst. 
The presence of the line could be indicative of greater Mo-S stacking in the sulfided 
domains,52,136 or because Mo loadings are different for the two catalysts, the peak’s 




Figure 3.1. XRD data of supported and unsupported K2CO3 promoted MoS2. Supported 
samples were sulfided in-situ and reacted with syngas for 2-4 days. 
 
3-3 N2 Physisorption 
The BET surface areas shown in Table 1 are calculated from nitrogen physisorption 
data and show a small drop when the MMO support was impregnated with 5 % Mo and 3 
% K and a large drop in surface area when the support was impregnated with 15 % Mo 
and 9 % K presumably due to higher surface coverage from multiple impregnation steps. 
Additionally, the Mo/K/MMO-5,3 sample lost much more surface area than 
Mo/K/MMO-15,9  after sulfidation and reaction. This effect may be due a bigger impact 
of carbon deposition or sintering on the highly porous, exposed MMO surface of 




Table 3.1. BET surface area derived from nitrogen physisorption data for the materials 
used in this study. 
Sample BET Surface Area (m2/g) 
MMO support 209 
Mo/K/MMO-5,3 – oxide precatalyst 151 
Mo/K/MMO-5,3 – sulfided, reacted 69 
Mo/K/MMO-15,9 – oxide precatalyst 26 
Mo/K/MMO-15,9 – sulfided, reacted 24 
 
3-4 Raman spectroscopy 
The Raman spectra of the oxide precatalysts are shown in Figure 3.2a The spectra 
of the oxide precatalysts were collected before the addition of K2CO3 to emphasize only 
the differences in the Mo domains. The 15 % and 5 % loaded Mo, alkali free counterparts 
are denoted as Mo/MMO-15 and Mo/MMO-5, respectively. The Mo/MMO-15 spectrum 
showed bands at 957, 847, and 370 cm-1. These bands are characteristic of Mo7O244- 
domains that become increasingly prevalent when Mo loading rises.137-139 Raman bands at 
bands 902 and 321 cm-1 are readily apparent for Mo/K/MMO-5 and are characteristic of 
MoO42- domains. The band at 902 cm-1 is also present in the Mo/MMO-15 spectra 
indicating that at high Mo loadings, a multitude of oxide domains will form. 
Bands representing crystalline MoO3 are absent from Mo/MMO-15, which has a 
Mo loading well above the monolayer surface coverage threshold. Notably, the sample 
itself was dark brown in color. These color centers have potential to scatter light and in 
turn mask characteristic bands. The sample’s color is likely caused by a small amount of 
autoreduced Mo that formed during the decomposition of AMT.  A second Raman 
spectrum was taken after treating Mo/MMO-5 and Mo/MMO-15 in a calcination oven in 
air at 450 °C for 2 hours (Mo/MMO-5-Air and Mo/MMO-15-Air respectively). The 
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resultant spectrum shown in Figure 3.2b contains similar molybdate bands as Mo/MMO-
15 and additional MoO3 bands, as was originally expected. The autoreduced Mo likely 
existed in very small proportions given the absence of MoO2 character in both the XRD 
and XANES data. Specifically, the XRD pattern shows no MoO2 diffraction lines, which 
implies that either crystalline MoO2 is not present in the sample at all or that the domains 
are too small to be detected. The XANES spectrum, which will be discussed in more 
detail later, shows a K-edge that correlates almost perfectly with MoO3. Additionally, the 
band at 550 cm-1 on Mo/MMO-5, which correlates with neither MoO2 nor MoO3 




Figure 3.2. Raman spectra of the MMO supported Mo/K materials precatalysts pretreated in 
nitrogen (a) and air (b) both analyzed with a 1.5 mW 514 nm laser. The sulfided, reacted 
catalyst (c) was analyzed with a 0.5 mW 514 nm laser. 
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Unlike in the case of the oxide precatalysts, the Raman spectra of the sulfided, 
catalysts after reaction, shown in Figure 3.2c do not show dramatic differences between 
the samples with different Mo loadings. Bands at 380 and 404 cm-1, which are 
characteristic of Mo-S vibrations, were present in the two sulfide samples.123 The 
implications of the Raman spectra of the sulfide samples are simply that the two catalysts 
possess similar Mo-S bonds that are not influenced differently by support interactions and 
that the peaks for the Mo-O vibrations have disappeared. 
 
3-5 UV-vis DRS 
Additional information about the supported MoO3 domains is obtained from UV-
vis DRS data.139,140 The absorption edge energies of the various samples in this study were 
determined by plotting [F(R∞)hv]2 vs. hv and then finding the x-intercept of the line fitted 
to the low-energy rise of each spectrum in the dataset. This rise represents a ligand to 
metal charge transfer, whose energy is represented by the x-intercept of the fit line.137,139-
141 Generally, lower energies are associated with larger aggregates. The UV-vis data in 
Figure 3.3a are complementary to the Raman spectra, yielding useful insights into the 
molybdenum domain sizes of the oxide precatalysts. The highest edge energy band of 
Mo/K/MMO-15 is between that of crystalline Mo7O246- and Mo2O72- standards from 
literature while the edge energy for bulk MoO3 is between that of MoO3 and Mo7O246-
.137,139-141  
Finally the edge energy of Mo/K/MMO-5 is close to that of crystalline MoO42-.  
The spectra for Mo/MMO-15 has a second, less intense edge at approximately 2.2 eV, 
which is absent from the UV-vis of Mo/MMO-15-Air shown in Figure 3.3b. 
Consequently, this edge is considered a mathematical artifact due to the dark color of the 








Figure 3.3. UV-vis DRS spectra for bulk MoO3 (from decomposed AMT), Mo/MMO-
15, and Mo/MMO-5. Samples in (a) were pretreated at 450 °C in nitrogen while samples 
in (b) were pretreated in air at the same temperature. 
 
3-6 STEM 
The differences in the supported MoS2 domains observed with XRD were clarified 
with STEM. Images of Mo/K/MMO-15,9 and Mo/K/MMO-5,3 are shown in Figure 3.4a-
d. Both samples have long, thin MoS2 domains, but the structures in Mo/K/MMO-15,9 
have approximately five stacked Mo-S layers while Mo/K/MMO-5,3 has about two. 
Additionally, both of these samples have notably different domains from those observed 
in a bulk MoS2 standard (shown in Figure 3.4e-f), which is made up of short, wide sheets 
with six or more Mo-S layers. The different morphologies seen in the MMO supported 
samples likely occur as a result of the differing initial MoyOx domains, which according 






Figure 3.4. STEM images of Mo/K/MMO-5,3 (a) and (b) and Mo/K/MMO-15,9 (c) and 
(d) after sulfidation and reaction with syngas. Unreacted bulk MoS2 is shown in (e) and 










The electronic and geometric structure of the molybdenum domains in the 
Mo/K/MMO-15,9 and Mo/K/MMO-5,3 samples are further characterized by the XANES 
spectra shown in Figure 3.5. XANES has been used to provide insights into oxidation 
states and coordination environment.25,142-146 This technique is specifically useful for 
assessing the state of Mo in the samples, as it may exist in catalysts and precatalysts in 
the form of MoO2, MoO3, and MoS2, with each type of domain known to facilitate 
different reactions. 46,147,148 MoO2 domains may exist as a product of incomplete 
sulfidation, which sometimes occurs when supports and promoters are added to a 
catalyst.67 Previously, we have used XANES spectroscopy to characterize the state of the 
Mo species in supported catalysts, demonstrating that the XANES edge energy is 
correlated with the electronic structure of the molybdenum.20 
In the case of the catalysts investigated in this study, three important observations 
are made from the XANES data. First, the two catalysts (Mo/K/MMO-5,3 and 
Mo/K/MMO-15,9) as oxides or sulfides closely resemble their bulk counterparts, which 
indicates high levels of oxidation or sulfidation respectively, as opposed to significant 
oxysulfide content.  Second, the two catalysts have indistinguishable edge energies when 
in the oxide form. As sulfides, they are also indistinguishable from one another. This 
outcome suggests that the average electronic structure of the Mo species is not affected 
by small differences in Mo domain structure. Finally, both the pre-edge and post-edge 
features in the XANES spectra of the catalysts, as oxides or as sulfides, are also nearly 
identical. This outcome is slightly unexpected in the case of the oxide precatalysts given 
the differences revealed by UV-vis and Raman data. Specifically, one might expect the 
greater Mo-support interactions on Mo/K/MMO-5,3 than on Mo/K/MMO-15,9 in 
addition to the fundamentally different oxide domains (MoO42- and Mo7O246-) to affect the 
K-edge. The most probable explanation for this observation is that the MoVI-O bonds are 
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all similar in structure in these materials, regardless of whether the bonding oxygen atom 
comes from the oxide support or the Mo domain itself. 
 
Figure 3.5. XANES Mo K-edge spectra of the 5 % and 15 % Mo supported MMO 
samples after combination with K2CO3, presulfidation, and reaction with CO. 
 
The Fourier transforms (FT) of k3-weighted extended X-ray absorption fine 
structure (EXAFS) at the Mo K edge of bulk MoS2 and the Mo/K/MMO samples after 
sulfidation and reaction are shown in Figure 3.6 and the structural parameters derived 
from the corresponding curve fits are presented in Table 3.2. Example curve fits 
associated with these results are compared to the experimental EXAFS associated with 
Mo/K/MMO-15,9 (sulfided and reacted) are shown in Figure 3.7. All of the R-factors of 
the fits are less than 0.04, indicating good agreement between the experimental EXAFS 
and the corresponding curve fits. The Mo–S and Mo–Mo interatomic distances in the 
supported MoS2 samples (Mo/K/MMO-5,3 and Mo/K/MMO-15,9) matched that of bulk 
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MoS2 standard within experimental error, indicating that the supported Mo oxides were 
effectively sulfided in the supported samples, which is consistent with the XANES 
results. However, both of the supported sulfides presented a significantly lower Mo–Mo 
coordination number (~4) than that in bulk MoS2 (6), and a greater Mo–Mo Debye-
Waller factor (≥ 3 × 10−3 Å2) than the corresponding value in bulk MoS2 (1.9 × 10−3 Å2), 
which indicates a high dispersion of Mo in the supported Mo sulfides. 
The two dimensional structure of a single MoS2 layer has structural regularity 
consistent with a Mo–Mo coordination number of six within the layer. A reduced Mo–
Mo coordination number of about four in the supported MoS2 (Table 3.2) suggests that a 
single MoS2 layer is truncated in one dimension and may be as small as two Mo atoms 
wide. Since the coordination number of Mo–Mo did not change upon increasing the Mo 
loading from 5 wt. % to 15 wt. % the overall structure of the truncated layers must be 
quite similar. Because an increase in the number of stacked layers of a supported MoS2 
material is not expected to increase the coordination of the first Mo-Mo shell, it is 
unsurprising that the increase in number of MoS2 “sheets” for Mo/K/MMO-5,3 and 
Mo/K/MMO-15,9 as was observed in STEM (Figure 3.4) had little effect on the Mo-Mo 




Figure 3.6. Fourier transform (not corrected for phase shifts) of k3-weighted Mo K 
edge EXAFS of: (a) Mo/K/MMO-5,3, sulfided and reacted; (b) Mo/K/MMO-15,9, 
sulfided and reacted; (c) bulk MoS2 standard. Spectra are offset for clarity. (Figure 











Table 3.2. Results from the analysis of Mo K edge EXAFS 
Sample Shell CN r (Å) Δσ2 (10−3 Å2) ΔE0 (eV) R factor 




2.40 ± 0.01 
3.14 ± 0.01 
2.3 ± 1.1 
1.9 ± 1.2 
2.4 ± 1.0 






5.2 ± 0.5 
3.8 ± 1.5 
2.40 ± 0.01 
3.13 ± 0.01 
3.0 ± 1.1 
3.6 ± 2.0 
1.8 ± 1.0 
−8.6 ± 2.3 
0.033 
Mo/K/MMO-15,9, 
sulfided and reacted 
Mo–S 
Mo–Mo 
4.9 ± 0.4 
3.9 ± 1.2 
2.41 ± 0.01 
3.13 ± 0.01 
2.6 ± 0.9 
3.0 ± 1.4 
4.0 ± 0.9 
−6.9 ± 1.9 
0.031 
Fitting parameters: Fourier transform range, Δk, 2−14.5 Å−1; fitting range, ΔR, 1−3.2 Å; 
weighting, k1 & k3; S02(Mo−S) = 0.84, S02(Mo−Mo) = 0.79 
a Value was assigned in curving-fitting on the basis of standard structure. 




Figure 3.7. Comparison of the curve fit to experimental Mo K edge EXAFS of 
Mo/K/MMO-15,9 (sulfided and reacted): (a) k3-Weighted Mo K edge EXAFS (solid 
line) and the result from curve fit (circles); (b) magnitude (solid line) and the imaginary 
part (dashed line) of the Fourier transform of EXAFS compared with the result from the 









3-8 Reaction Results and Discussion 
3-8-1 Effect of Mo and K Loading on Catalysis 
Mo/K/MMO-5,3 and Mo/K/MMO-15,9 were synthesized and reacted with syngas 
(H2:CO 1:1) at 310 ˚C and 1500 psig operating at 3-15% CO conversion. Linear alcohol 
and hydrocarbon selectivities for these catalysts are shown in Figure 3.8 and Table 3.3 
(the latter contains data for reactions to be discussed later in the text). These selectivities 
are presented on a CO2-free basis for clarity, but it should be noted that MoS2-based 
catalysts efficiently catalyze the water-gas shift reaction, 42,149-­‐152 so CO2 selectivities are 
high (see Table 3.3). Two replicate batches for these catalysts were also synthesized and 
reacted to ensure consistency. Average selectivity data with error bars representing one 
standard deviation are shown in Figure 3.9.   
Additionally, a multitude of catalysts were run as controls to verify the qualitative 
effects of several parameters. Specifically MMO-supported K-promoted Mo-free and 
MMO-supported K-fee Mo were tested along with aliquots of Mo/K/MMO5,3 that were 
presulfided at 310 °C or not presulfided at all. The results of these experiments are 
reported and discussed in Appendix E. 
The most relevant of these controls was an aliquot of Mo/K/MMO-5,3 that was 
loaded with additional K such that the total K loading was the same as for Mo/K/MMO-
15,9. Product selectivities for the resultant catalyst, Mo/K/MMO-5,9, are also shown in 
Figure 3.9 and Table 3.3. 
Total selectivity for non-alcohol oxygenates (acetaldehyde, propionaldehyde, 
methyl formate, methyl acetate, and ethyl acetate) are relatively small for all three 
catalysts, with selectivities at 1.9 – 2.3 % for Mo/K/MMO-5,3, 1.8 – 3.1 % for 
Mo/K/MMO-5,9, and 2.8-3.7 % for Mo/K/MMO-15,9, indicating that oxygenate 
formation for these catalysts are chiefly linear, primary alcohols. With respect to linear 
hydrocarbons and alcohols, the two Mo/K/MMO-5,x catalysts show strikingly different 
selectivity trends from Mo/K/MMO-15,9.  Specifically, methanol selectivities for 
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Mo/K/MMO-5,x are substantially less than for Mo/K/MMO-15,9 at all conversions. 
Ethanol selectivity decreases with increasing conversion for Mo/K/MMO-5,x samples but 
increases with conversion for Mo/K/MMO-15,9. These outcomes suggest the selectivity 
differences are not related to K loading alone but are instead related to differences seen in 
the characterization data (i.e. differently sized MoS2 domains) and/or high MMO:Mo 
ratios.  
Ethane selectivity over these catalysts also emphasizes an important difference. 
There was little ethane production over the Mo/K/MMO-x,9 catalysts while it was 
comparatively high over Mo/K/MMO-5,3. In addition to being a product of Fischer-
Tropsch type CO insertions, ethane may also be a product of the dehydration of ethanol 
followed by hydrogenation of the produced olefin. The dehydration of alcohols is known 
to occur over acidic sites such as those found on alumina, which is also a component of 
the MMO support. In a reducing environment dehydration can be followed by 
hydrogenation and thus methanol is converted to dimethyl ether, ethanol to ethane, and 1-
propanol to propane. Because smaller alcohols or their respective intermediates must first 
be formed for dehydration to take place, the reaction is likely secondary and should take 
place preferentially at higher conversions.   
Indeed, ethane selectivity for Mo/K/MMO-5,3, as shown in Figure 3.8 and Table 
3.3 (and propane selectivity, included with “Total HC” in Table 3.3)  follow the 
expectation of increasing ethane selectivity with conversion. The Mo/K/MMO-x,9 
catalysts, on the other hand, do not. Instead these catalysts produce almost negligible 
amounts of C2+ hydrocarbons. This result is expected given their high K content which 
should neutralize acidic sites. Methanol is not likely involved in similar dehydration 
pathways given the absence of dimethyl either, which was produced in quantities that 
were too small to be relevant. Ethylene was also notably absent from reaction products 
for all the catalysts, so assuming it is formed during ethanol dehydration, it must be 
quickly hydrogenated to ethane. 
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C3+ alcohol selectivity on Mo/K/MMO-5,9 surpasses that of Mo/K/MMO-5,3, 
which is expected and consistent with several studies that have quantified the effects of 
increasing K loadings on MoS2 catalysts.42,51,74,88,153,154 The interpretations of these studies 
(titration of acid sites and partial suppression of CO dissociation) do not however explain 
why the C3+ alcohol selectivity of Mo/K/MMO-5,3 is greater than that of Mo/K/MMO-
15,9. In having a greater K loading and the same Mo:K ratio, the latter catalyst should 
have a more basic surface and therefore more highly favor alcohol formation. The 
Mo/K/MMO-5,x catalyst must then have a character not directly related to K loading that 
also favors linear, primary alcohol formation over the formation of other oxygenates.  
C3+ alcohol productivity (g OH/g Mo/hr) is reported in Table 3.3 and shows a 
decrease with increasing CO conversion for the Mo/K/MMO-5,x catalysts but remains 
relatively constant for Mo/K/MMO-15,9. Additionally, C3+ alcohol productivity for the 
Mo/K/MMO-5,x catalysts is more than twice that over Mo/K/MMO-15,9 at low 
conversions. These outcomes again suggest a fundamental difference in character 
between the catalysts that cannot be explained by differences in K loading alone. Rather, 
this character is likely related to two key differences in catalyst structure: (i) variations in 
the proportion of surface-exposed MMO, Mo, and K and (ii) differences in MoS2 
structure such as the stacking of the MoS2 domains as reflected in XRD and STEM.  
Based on the data presented above, it is unknown what changes in selectivity either of 
these cases could bring about.  Therefore, additional experiments were undertaken.  
Case (i) would result if the MMO support served to promote different reaction 
pathways than K over a sulfide catalyst. Several papers in the literature show that MMO 
or MgO, a component in MMO, can couple alcohols in conjunction with other 
metals102,103,114,115 effectively making 1-propanol from methanol and ethanol, 1-butanol 
from 2 ethanol molecules, and 2-methyl-propanol from 1-propanol and methanol.  With 
that functionality, MMO could potentially perform a similar reaction over supported 
MoS2 catalysts with or without the promotion of K. Alternatively, the interface of the 
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MoS2 domains with the MMO support could be important in the spillover and coupling of 
reactive intermediates between the various domains. Simply put, if MMO or MMO/Mo/K 
surfaces favor coupling of alcohols compared to MoS2/K domains, a high MMO:Mo ratio 
would result in a bias towards C3+ alcohols not observed in the reaction of more 
conventional bulk MoS2/K, and in parallel, a supported catalyst with high Mo content as 
well.  
Potential effects of case (ii) are more ambiguous. Several theoretical and 
experimental studies have linked differing edge geometries and coordinatively 
unsaturated site (CUS) numbers and spacings of the MoS2 to active sites for CO and/or 
H2 adsorption on MoS2.95,155-160 Thus, in addition to different CUS structures, it is possible 
that different size MoS2 domains could yield different active site concentrations that then 
lead to modified selectivities for higher alcohols. However, the precise effect of these 
different structures in the context of CO hydrogenation over supported MoS2 is yet 
unknown. The following section provides an experimental pathway for deconvoluting 









Figure 3.8. Alcohol and hydrocarbon selectivity (CO2-free) vs. CO conversion for C1 to 



















Figure 3.9. Average alcohol and hydrocarbon selectivity (CO2-free) vs. CO conversion 
over three replicate batches for methane and ethane over the two MMO supported 






3-8-2 Role of MMO in Catalysis 
To gain insight into case (i) (variations in the proportion of surface-exposed 
MMO, Mo, and K), namely the functionality of MMO, bare MMO was combined with 
Mo in three different fashions for follow-up experiments. In the first experiment, sieved 
Mo/K/MMO-15,9 particles were placed upstream of a separate bed of identically sized 
bare MMO particles such that the total Mo, K, and MMO amounts were the same as in 
Mo/K/MMO-5,3 reaction (but with differing size and distribution of Mo and K domains). 
This reaction is referred to as Mo/K/MMO-15,9-MMOs. Figure 3.10 shows a schematic 
description of the catalyst bed for this experiment in addition to several others that will be 
discussed next. 
For the second experiment, a mortar and pestle was used to grind the oxide 
precatalyst Mo/K/MMO-15,9 with bare MMO such that the total elemental composition 
of the resultant catalyst also matched that of Mo/K/MMO-5,3. This catalyst is referred to 
as Mo/K/MMO-15,9-MMOg (Figure 3.10e). The XRD patterns and BET surface area 
data of the oxide precatalyst and sulfided, reacted materials for these two cases are shown 
in Figure 3.11 and Table 3.3 respectively.  Notably, the XRD pattern for the 
Mo/K/MMO-15,9-MMOg precatalyst contained diffraction lines characteristic of 
molybdenum (VI) oxide and potassium molybdate  at 27 ° and 32 ° respectively, which 
were similar in magnitude to those of Mo/K/MMO-15,9.  
However, once sulfided and reacted, Mo/K/MMO-15,9-MMOg then showed 
XRD lines more similar to those of Mo/K/MMO-5,3 – a short broad peak (MoS2) at 33 ° 
and two peaks (MgO) of much greater magnitude at 44 ° and 64 °.  This result suggests 
that initial oxide domain size does not in fact greatly affect sulfide domain size once the 
catalyst is sulfided. In other words, under sulfidation conditions, the Mo species can 
migrate around the support to a significant extent, to the point where the Mo/K/MMO-
15,9-MMOg catalyst appears to have sulfide domains that are similar to the Mo/K/MMO-
5,3 catalyst by XRD despite very different preparation conditions. An extremely small 
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peak at 14 ° correlating with the MoS2 [002] plane can also be observed, indicating 
slightly more order in the stacking structure than in Mo/K/MMO-5,3.  The overall Mo to 
MMO ratio in the precatalyst seems to play a dominant role in establishing the size of the 
MoS2 domains. 
Bulk MoS2 (synthesized as described in Chapter 2) was ground with bare MMO 
and K2CO3 to make the catalyst for the third and final experiment exploring the role of 
MMO, denoted as Mo/K-bulk-MMOg (Figure 3.10f). Despite the different Mo precursor, 
this catalyst had the same composition as the previous two – 85 % MMO, 5 % Mo, and 3 
% K. The XRD pattern for this catalyst shown in Figure 3.11 is similar to that of the 
sulfide form of Mo/K/MMO-15,9-MMOg, differing primarily in the magnitude of the 
peak at 14 °, indicating a level of Mo-S stacking more closely resembling that of the 










Figure 3.10. Catalyst bed schematics showing the various combinations of Mo, K, and 
MMO used in reaction. Cases a. and b. represent the base cases for the study. Case c. (not 
shown) represents the same catalyst as case a. but with a higher K content. Case d. is the 
combination of catalyst b. and bare MMO in series such that the final overall bed 
composition is the same as case a. Case e. represents the same materials as case d. but 
ground into a homogeneous phase. Case f. was prepared similarly to e. but bulk MoS2 
was used as the Mo source instead of Mo/K/MMO-15,9. Cases a., d., e., and f. represent 





Figure 3.11. XRD patterns of Mo/K/MMO catalysts and precatalyst along with bulk 
MoS2 references. Mo/K/MMO-15,9-MMOg-O has similar oxide domains to 
Mo/K/MMO-15,9-O while Mo/K/MMO-15,9-MMOg-SR has similar sulfide domains to 
Mo/K/MMO-5,3-SR. The notation “-SR” denotes a catalyst that has been sulfided and 















Reactivity results for Mo/K/MMO-15,9-MMOs, Mo/K/MMO-15,9-MMOg, and 
Mo/K-bulk-MMOg are combined with those from Mo/K/MMO-5,3 and Mo/K/MMO-
15,9 and shown in Figure 3.14 along with Table 3.3. The trends of increasing methane 
and lowered methanol with increasing conversion is observed for all five cases, which 
further strengthens the conclusions that methanol is a primary product of the reaction and 
is consumed via secondary reactions.91  
The selectivity trends for the catalysts Mo/K/MMO-5,3, Mo/K/MMO-15,9-
MMOg, and Mo/K-bulk-MMOg are shown to be virtually identical, despite the fact that 
the catalysts were generated via different synthesis routes (Mo/K/MMO-5,3 from a 
homogeneous mix of MMO, Mo, and K2CO3 with small MoOx domains (Figure 9a); 
Mo/K/MMO-15,9-MMOg from the grinding of Mo/K/MMO-15,9, which has large MoOx 
domains, and bare MMO (Figure 9e); and bulk MoS2, K2CO3, and bare MMO (Figure 
9f)).  Specifically, the unusual trends associated with Mo/K/MMO-5,3 of lowered ethanol 
selectivity with increasing conversion and relatively high ethane selectivity were 
observed for Mo/K/MMO-15,9-MMOg and Mo/K-bulk-MMOg, but not for 
Mo/K/MMO-15,9-MMOs.  
The fact that the low methanol selectivity observed over Mo/K/MMO-5,391  was 
not replicated by the Mo/K/MMO-15,9-MMOs experiment (with a downstream bare 
MMO bed) shows that the low methanol and high C3+OH selectivity are not simply due to 
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secondary reactions independently facilitated by bare MMO. If the low methanol and 
elevated higher alcohol selectivities over Mo/K/MMO-5,3 were associated with 
secondary reactions, they were likely not associated with conversion of stable products 
such as methanol into higher alcohols via alcohol coupling pathways (e.g. methanol + 
ethanol to give 1-propanol) over the bare, K-free support. These selectivity phenomena 
are likely instead related to reactions that occur only at an MMO-Mo-K interface or on 
MMO/K domains; both possibilities could result in adsorbed intermediates reacting to 
give the observed product distributions. 
Thus, all the catalysts with an overall composition similar to Mo/K/MMO-5,3 
gave similar catalytic selectivities regardless of how they were prepared. Interestingly, 
however, the catalysts displayed different higher alcohol productivities. Specifically, of 
the three catalysts, Mo/K/MMO-5,3 showed the highest C3+ OH productivity (0.18 g 
OH/g Mo/hr) at 8% CO conversion, whereas the two catalysts prepared via grinding 
(Mo/K-bulk-MMOg and Mo/K/MMO-15,9-MMOg) showed lower productivities (0.13 g 
OH/g Mo/hr and 0.12 g OH/g Mo/hr respectively).  The higher alcohol productivities 
(Table 3.3) appear qualitatively to correlate inversely with the extent of [002] peak at 14 ° 
two theta in the XRD patterns (i. e. a smaller peak correlates to greater higher alcohol 
productivity). While the peaks are too small to be used in a line broadening analysis,52 at 
similar Mo loadings a larger peak implies a higher level of orientation or MoS2 slab 
stacking, as is observed in the STEM images in Figure 3.4 where the bulk MoS2 has the 
largest amount of stacking and Mo/K/MMO-5,3 the least.   
The effect of MMO on the reaction can perhaps most directly be observed by 
comparing C4 alcohol selectivity for Mo/K/MMO-15,9 and Mo/K/MMO-15,9-MMOg. 
The addition of bare MMO to the former catalyst by dry impregnation resulted in over a 
5-fold increase in 1-butanol selectivity and 3-fold increase in 2-methyl-1-propanol 
selectivity at 8% CO conversion. While 1-butanol is a product of homologation or 
coupling, 2-methyl-1-propanol is primarily hypothesized to be a product only of alcohol 
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coupling. As such, relatively high 2-methyl-1-propanol selectivities provide a strong 
indicator of alcohol coupling pathways operating over some catalysts. 
It should be noted that the ethylene selectivity was low for all the reactions in this 
work (< 1%). This outcome is especially significant for the Mo/K/MMO-15,9-MMOs 
experiment, which was designed to probe the role of the MMO support in catalyzing 
secondary reactions.  If the MMO support dehydrated ethanol to produce ethylene over 
the Mo/K/MMO-5,3 catalyst, before olefin hydrogenation to yield ethane (as observed 
over this catalyst), it would be expected that the Mo/K/MMO-15,9-MMOs experiment 
would produce greater amounts of ethylene in the absence of a hydrogenating function in 
the second catalyst bed. The absence of ethylene in the Mo/K/MMO-15,9-MMOs product 
stream indicates that, similar to the discussion of the alcohol coupling pathways, bare 
MMO does not serve to dehydrate ethanol, producing ethylene and then ethane. Rather, 
dehydration, which is hypothesized to be the principal ethane formation pathway, must 




    
Figure 3.12. Alcohol and hydrocarbon selectivity (CO2-free) vs. CO conversion for C1 to 
C4 alcohols over MMO supported catalysts, Mo/K/MMO-5,3, Mo/K/MMO-15,9, 





3-8-3      Role of MMO-K in Catalysis 
            To investigate the possibility that stable alcohols, once formed over MoS2/K, are 
desorbed, readsorbed, and coupled to produce higher alcohols by MMO-K type sites 
rather than bare MMO sites, three further reactions were run. For the first two 
experiments, bare MMO was mixed with K2CO3 with the same loading as Mo/K/MMO-
5,3 (3 wt. % K) and formed into 20–40 mesh particles. These particles were placed in a 
bed downstream of a Mo/K/MMO-15,9 bed Figure 3.13f. or loosely combined with 
Mo/K/MMO-15,9 particles to make a single mixed bed Figure 3.13g.).   
Reactivity results for the Mo/K/MMO-15,9-MMO/Ks and Mo/K/MMO-15,9-
MMO/Km experiments are shown in Figure 3.14 and Table 3.3. The C3+OH selectivity 
for these two experiments was somewhat higher than for the Mo/K/MMO-15,9 and 
Mo/K/MMO-15,9-MMOs catalysts, which supports the possibility that MMO/K may 
serve to couple alcohols after their initial formation. Ethane and ethanol selectivities 
however did not mirror the trends observed for Mo/K/MMO-5,3. This outcome lends 
further support to the hypothesis that the dehydration/hydrogenation of ethanol occurs on 
acidic sites associated with small MoS2 domains or MMO-MoS2 interfaces, rather than 
via desorption of a stable alcohol followed by readsorption and dehydration on bare 




Figure 3.13. Catalyst bed schematics for reactions with added MMO/K showing 
MMO/K combined with Mo/K/MMO-15,9 in series – Mo/K/MMO-15,9-MMO/Ks (f), 









Figure 3.14. Alcohol and hydrocarbon selectivity (CO2-free) vs. CO conversion for C1 
to C4 alcohols over MMO supported catalysts combined with MMO/K – Mo/K/MMO-
15,9-MMO/Ks and Mo/K/MMO-15,9-MMO/Ks. Mo/K/MMO-5,3, Mo/K/MMO-5,9, 






Two MMO-supported MoS2 catalysts (Mo/K/MMO-5,3 and Mo/K/MMO-15,9) 
were used in CO hydrogenation to produce higher alcohols.  The catalysts with low Mo 
loadings had MoS2 domains containing the fewest layers and produced significantly 
higher amounts of C3+ alcohols and less methanol than the catalyst with the higher Mo 
loading.  The catalyst with the lowest K loading (Mo/K/MMO-5,3) retained some 
residual acidity associated with the Mo/K/MMO domains that lead to significant ethane 
selectivity via ethanol dehydration and hydrogenation, whereas all other catalysts 
produced only small amounts of higher hydrocarbons, including ethane.  Additional 
experiments using the Mo/K/MMO-15,9 catalyst followed by a second catalyst bed 
comprised of MMO demonstrated that the perturbed alcohol selectivities over the low Mo 
loading catalysts were associated primarily with reaction over the Mo domains over those 
catalysts, rather than via secondary reactions of readsorbed alcohols on MMO. Similar 
experiments involving the addition of MMO/K rather than bare MMO showed some 
indication of additional higher alcohol formation, but those additions were relatively 
minor in comparison to differences seen between the original “5,3” and “15,9” catalysts. 
Finally, a series of catalysts prepared with a common composition (akin to and 
Mo/K/MMO-5,3) but with different forms of Mo in the precatalyst (MoO3, MoO42-, 
Mo7O246-, MoS2) all yielded similar catalytic selectivities, suggesting that the ratio of 
MMO to Mo determined the catalytic selectivity in the final sulfide catalysts.  Catalytic 
productivity, on the other hand, appeared to be correlated with the degree of stacking of 
the MoS2 domains, as evidenced by the intensity of the [002] reflection in XRD 
measurements and the observed degree of layer stacking from STEM images. Higher 
alcohol synthesis over these catalysts is associated with both CO homologation and 
oxygenate coupling reactions occurring with adsorbed intermediates on or near K/MoS2 
domains. Higher alcohol distributions suggest that some oxygenate coupling pathways 
may contribute to the observed products, especially at higher K loadings.  
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4CHAPTER 4: ALCOHOL CO-FEEDS AND COUPLING  
 
It has been shown that MMO when combined with MoS2/K yields selectivities 
favoring C3+ alcohols. The pathways involved in this outcome however are not yet well 
understood. In this chapter, homologation and coupling pathways are probed by co-
feeding ethanol or methanol with syngas into a packed bed reactor containing a 
supported, bulk, or Mo-free catalyst. An investigation of changes in product distribution 
provides insights into this issue. 
 
4-1 Experimental setup 
The reactor used in Chapters 2 and 3 was modified by inserting a “tee” at the 
reactor inlet. A simplified schematic of the modifications is shown in Figure 4.1. In brief, 
an Isco 500G syringe pump with manual control was connected to the reactor inlet with a 
1/16” 316 stainless steel line and a 1/8” needle valve. A soft seat check valve was placed 
just downstream of the pump to prevent contamination and damage from back flow. The 
line upstream of the valve was insulated and heated to 200 °C,  
During reaction the alcohol feed was adjusted between 0.000 and 0.003 ml/min. 
When mixed with syngas flowing at 20 ml/min the molar concentration were 0-8 % 





Figure 4.1. Simplified schematic of reactor retrofitted with an Isco syringe pump. The 
back pressure regulator between the GC and the reactor was removed from the 
schematic for simplicity. 
 
GC was again used for product quantification. The plumbing configuration was 
left unchanged, but acetone, methyl propionate, ethyl propionate, and propionaldehyde 
were added to the list of components quantified by the chromatogram produced in the 
FID.  
For reaction with syngas and Mo/K/MMO-5,3, the reactor was charged with 1 g 
of catalyst under the same operating and pretreatment conditions described in previous 
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chapters (reaction parameters summarized on Table 2.1). Once the reaction reached a 
pseudo steady-state after several days, the flow rate was adjusted such that CO 
conversion reached 8 %. Ethanol (Aldrich, anhydrous 99.5 %) was then fed into the 
reactor at a rate of 0.001 ml/min. Once the reaction again reached a pseudo steady-state 
(changes in selectivity and conversion < 3 % over a period of 12 hours), alcohol flow was 
changed to 0.003 ml/min. After the reaction reached pseudo steady-state a third time, the 
alcohol flow was shut off and the reaction was allowed to continue until product 
selectivity return to its “original” state at 0.00 ml/min ethanol flow. The pump was then 
flushed and refilled with methanol (Aldrich, anhydrous 99.8 %), and the process of 
injecting at 0.001 ml/min and 0.003 ml/min was repeated. 
To highlight the effects of MMO on the reaction, bulk MoS2/K synthesized as 
described in Chapter 2 was also reacted in a similar fashion as Mo/K/MMO-5,3. The 
reaction differed only in the amount of catalyst used in the reactor (0.11 g). This amount 
was chosen because it yielded a conversion similar to Mo/K/MMO-5,3 (8 %) when 
reacted with 20 ml/min syngas.  
Finally MMO ground together with K2CO3 (3 % K, MMO/K-3) using a mortar 
and pestle was reacted to test for reactivity of the support and promoter alone with 
methanol. The reactor was charged with 0.9 g of the catalyst, which was an equivalent 
amount of MMO and K2CO3 used in the Mo/K/MMO-5,3 reaction. The catalyst was 
exposed to the same pretreatment and reaction conditions as the other two catalysts used 
in this study. The parameters are summarized in Table 2.1. 
 
4-2 Results and Discussion 
4-2-1 Carbon Balances 
Carbon distributions for the major groups of components for the methanol and 
ethanol co-feed experiments are shown in Figure 4.2 and Figure 4.3 respectively and 
tabulated in Table 4.1. The vertical axis in the figures is written in terms of moles carbon 
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per g of Mo in the reactor per hour. These units were chosen because they allow for the 
most direct means to compare various reaction components as they are consumed or 
produced by the catalysts used in this study. 
The “reacted CO” category shown in the first column of the figures was computed 
by calculating CO conversion from the internal standard and then normalizing it with 
syngas flow and the Mo in the reactor. Effectively the inlet carbon is divided into four 
groups – CO that reacts, CO that does not react, methanol, and ethanol. While these 
values cannot be directly measured during the course of a reaction, they are estimated by 
extrapolating approximate feed rates from previously obtained calibration curves and 
instrument setpoints. It must be noted, however, that this estimation is somewhat 
imprecise given that both the MFC controlling the syngas flow and the syringe pump 
controlling the alcohol feed rate are operated at below 10 % of their maximum set points. 
Outlet carbon was quantified purely from GC data.  
Because these reactions are run at fairly low conversions (~8%), unreacted CO 
was omitted from the balance to better emphasize the effect of the alcohol feeds on 
reaction products. Additionally, adding the unreacted CO to the balance would greatly 
attenuate discrepancies between the alcohol-based carbon fed into the reactor and carbon-
based products which exit the reactor outlet. The carbon from the alcohols fed into the 
reaction inlet is summed with the reacted CO in the fourth category (“Inlet ROH + 
Reacting CO) in Figure 4.2 and Figure 4.3. The sum of all carbon exiting the reactor not 
including the unreacted CO is reported in the fifth category in Figure 4.2 and Figure 4.3 
(“Outlet C w/o CO). If the carbon entering and exiting the reactor was balanced perfectly 
the magnitude of the columns in the fourth and fifth categories of the figures would 
match.  
The last column provides the balance in terms of a percentage. Most balances 
have less than 10 % error. The balance on Mo/K/MMO-5,3 with the ethanol feed is 
consistently below 90 %, which may be a result of C5+ alcohol production, which is not 
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among the products quantified by the GC. One noteworthy difference between the 
Mo/K/MMO-5,3 and Mo/K-bulk catalysts is the substantial increase in CO2 and 
hydrocarbon production on the supported material. This increase appears correlated to an 
increase in CO conversion, which will be discussed later in the text. Numerical values for 
the balances (i.e. the columns labeled “Inlet + Reacting CO” and “Outlet C w/o CO”) are 
reported in Table 4.1. 
 
  
Figure 4.2. Carbon balance and lumped product distributions for methanol feed 





Figure 4.3. Carbon balance and lumped product distributions for ethanol feed 






Table 4.1. Carbon balances for methanol and ethanol co-feed experiments 
















Mo/K/MMO-5,3 0 0 0.03 0.04 110.1 
Mo/K/MMO-5,3 1 0 0.10 0.10 105.1 
Mo/K/MMO-5,3 3 0 0.18 0.19 104.0 
            
Mo/K/MMO-5,3 0 0 0.03 0.03 102.2 
Mo/K/MMO-5,3 0 1 0.09 0.09 99.0 
Mo/K/MMO-5,3 0 3 0.19 0.17 91.1 
            
Mo/K-bulk 1 0 0.04 0.04 98.1 
Mo/K-bulk 3 0 0.07 0.09 128.4 
Mo/K-bulk 0 0 0.14 0.14 104.0 
            
Mo/K-bulk 0 0 0.04 0.04 99.0 
Mo/K-bulk 0 1 0.09 0.09 91.3 
Mo/K-bulk 0 3 0.19 0.16 86.4 
            
MMO/K-3 0 0 0.00 0.00 103.9 
MMO/K-3 2 0 0.07 0.07 100.6 
MMO/K-3 3 0 0.09 0.10 115.9 
 
4-2-2 MeOH Feed 
The results of the methanol feed for the major products are shown in Figure 4.4. 
They are reported in moles of carbon per g Mo per hour from a specific species denoted 
in the horizontal axis. The first column shows CO conversion as computed with the 
internal standard (note that the magnitude of the bars in the figures have been scaled such 
that they can be plotted on the same axis as the rest of the data). The supported catalyst 
shows a much more significant increase of CO conversion with increasing alcohol co-
feed than the bulk catalyst. It appears that a significant amount of methanol also reacts, as 
the methanol concentration at the outlet is far lower than the inlet. In contrast, the bulk 
catalyst shows only minor increases in CO conversion (that are within the bounds of 
experimental error in the internal standard) while the outlet methanol concentration 
represents a substantial proportion of the inlet methanol. 
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C2+ alcohols also increase significantly with the methanol feed over the MMO 
supported catalyst. Because the alcohols are produced in decreasing amounts as the 
carbon chain increases, homologation pathways are almost certainly the dominant routes 
to higher alcohols rather than coupling pathways. A Fischer-Tropsch-like CO insertion, 
which is technically a homologation pathway, could be the primary pathway in this case 
but an olefin co-feed is required to verify this hypothesis. Methane is also observed to 
substantially increase, implying that the inlet methanol is reduced by hydrogen and that 
the corresponding water formed is converted to CO2 via the WGS reaction. 
Higher hydrocarbons are also seen to increase with the methanol feed 
concentration but in a lower proportion to their alcohol counterparts. Most likely these 
reactions are formed by the same secondary dehydration/hydrogenation reactions 
discussed in Chapter 3. Ethylene, an intermediate in this reaction, is observed in small 
quantities compared to other products. The low concentration suggests that the species, if 
it is truly an intermediate formed in significant quantities, is quickly consumed by 
hydrogenation reactions. Propylene likely follows a similar trend, but it cannot be 
distinguished from propane in the chromatogram. As such, its relative increase cannot be 
ascertained.  
The bulk MoS2 catalyst does not show such dramatic results under alcohol co-
feeding conditions. While the methanol feed does result in increased higher alcohols at 
the reactor outlet, their concentrations are all a fraction of that observed on the supported 
catalyst. Methane productivity does not increase as dramatically on the bulk catalyst, 
which is consistent with the hypothesis that the bulk material is less reactive with 





Figure 4.4. Major product distributions of the methanol feed over Mo/K/MMO-5,3 (a) 
and Mo/K-bulk (b). 
 
The distribution of other oxygenates is reported in Figure 4.5. With the exception 
of methyl acetate, their magnitude is considerably less than observed for the linear 
alcohol and hydrocarbon products. Several observations may nevertheless be made. First, 
both catalysts formed significant amounts of methyl acetate and small but significant 
amounts of methyl propionate when the methanol concentration was high. This outcome 
suggests that methanol itself is a building block for the two species. While esters cannot 
be formed by the coupling of two alcohols, they are formed via Fischer esterification,161 
which uses an acid catalyst to combine a carboxylic acid and an alcohol to make an ester. 
The required carboxylic acids for this reaction could be formed via the carbonylation of 
an alcohol or olefin to make the corresponding C+1 alcohol162-164 or via direct synthesis 
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from CO and H2.165 The presence of esters also opens an alternate pathway to higher 
alcohols – reduction/hydrogenation of the ester to form two smaller alcohols.166,167 
While these proposed pathways are reasonable, they are nevertheless hypothetical 
and must be considered with several caveats in mind. First, alcohol carbonylation 
reactions between an alcohol and CO are known to occur over Rh catalysts.165,168 This 
reaction however has not yet been verified using Mo or metal oxide catalysts. Second, the 
presence of acids cannot be directly quantified or verified using the columns employed in 
this study as they form extremely broad peaks in the chromatograms that cannot be 
deconvoluted from other oxygenate species produced in the reaction. Consequently, 
further work is essential if carboxylic acids to esters or esters to alcohol routes are to be 
confirmed. 
The increase in ethyl acetate observed for Mo/K/MMO-5,3 is likely a result of the 
increase in ethanol that then forms the acetate via a similar pathway as methyl acetate. 
Finally, 2-methyl-1-propanol increases significantly more on the bulk than the supported 
catalyst at a high methanol concentration. As 2-methyl-1-propanol is believed to be 
primarily a product of a Guerbet coupling, 109,114,115 this observation provides evidence 
that the bulk catalyst can facilitate this reaction in the presence of adequately high 
methanol concentrations, which is consistent with the findings of Christensen et al.60 
Additionally, it appears that MMO indeed does not significantly aid in the facilitation of 





Figure 4.5. Minor product distributions of oxygenates other than linear alcohols for the 
methanol feed over Mo/K/MMO-5,3 (a) and Mo/K-bulk (b). 
 
MMO/K-3 was also used as a catalyst in a methanol co-feed experiment as a 
control. The primary objective of its use was to discern if the high reactivity of methanol 
on Mo/K/MMO-5,3 was a result of MMO/K facilitating reactions independently of Mo or 
if that reactivity required all three species. The results are summarized in Figure 4.6 
below. 
The carbon balance for this catalyst, shown in Figure 4.6a, demonstrates that CO 
conversion is largely unaffected by the introduction of methanol. In Chapter 3 it was 
shown that bare MMO and MMO/K have fairly small effects on reactivity when provided 
as a separate catalyst bed. Here a similar observation is made. The increase in CO2 
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productivity with the alcohol feed is likely a result of the small increases in CO 
conversion. 
The product distributions of major species are shown in Figure 4.6b. However, all 
products quantified are produced in negligible amounts. Consequently, there is little 
evidence for significant alcohol homologation or coupling over this catalyst. Small 
amounts of the methanol appear to be hydrogenated to methane or partially hydrogenated 
to form oxygenates. 
 
  
Figure 4.6. Carbon balance (a) and major product distributions (b) for syngas and 







4-2-3 Ethanol Feed 
The results of the ethanol co-feed over the two catalysts are not as dramatic as 
was observed for the methanol feed. However, several of the main trends are consistent 
between the two alcohol co-feed cases. Namely, more significant increases in higher 
alcohol production were observed for the MMO supported catalyst and for the bulk Mo/K 
catalyst. Similar to the methanol co-feed case, 1-propanol increases most dramatically, 
followed by 1-butanol on the MMO supported catalyst, which again suggests that CO 
homologation pathways primarily account for higher alcohol formation. Additionally, 
ethylene production increases over Mo/K/MMO-5,3, albeit at a fraction of the magnitude 
observed for methane when methanol was fed into the reactor. 
Though not as dramatically as was observed for the methanol feed experiments, 
both catalysts showed increases in CO conversion with increasing ethanol feed. Again, 
higher alcohol production increased the most dramatically over Mo/K/MMO-5,3. 






Figure 4.7. Reactivity results for major products of the ethanol feed over Mo/K/MMO-
5,3 (a) and Mo/K-bulk (b). 
 
Productivities for other oxygenates are shown in Figure 4.8. Most of the products 
that are quantified are relatively unaffected by the ethanol feed on both catalysts. 
However ethyl acetate and ethyl propionate changed most significantly. These increases 
are likely analogous to those observed in the methanol feed portion of the experiments, 
whereby methanol is proposed to be converted to acetic acid and then used in 
esterification reactions with methanol or ethanol to form methyl acetate or ethyl acetate 
respectively. Additionally, ethanol is likely converted to propanoic acid and used in an 
esterification with methanol and ethanol to make methyl propionate and ethyl propionate 
respectively – that later of which is produced insubstantial quantities on Mo/K/MMO-5,3.  
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The lack of methyl acetate production on Mo/K/MMO-5,3 with an ethanol co-
feed provides strong support to the hypothesis that the product is made from methanol 
that has been converted to acetic acid. Because the catalyst produces so little methanol or 
because methanol exists in such low concentrations on the catalyst surface, minimal 
acetic acid must be made and the principle pathway to methyl acetate is effectively shut 
down. However the increase in ethyl acetate contradicts this hypothesis. Following the 
same formation pathway as methyl acetate, ethyl acetate also requires acetic acid. The 
increase in acetaldehyde production with ethanol feed concentration suggests the 
possibility that ethanol is converted first to an aldehyde and then to acetic acid.  
Alternatively, the substantial increases in ethane production suggest the formation of 
ethylene in equal quantities as an intermediate. A small portion of that ethylene could 
instead be oxidized and converted to acetic acid. As a future experiment, an olefin co-
feed would be helpful in confirming this pathway. 
Unlike the methanol feed case, 2-methyl-1-propanol does not increase 
significantly with increasing ethanol feed on the bulk catalyst. This outcome is consistent 
with the hypothesis that this species is formed by the Guerbet reaction, which requires 
methanol and 1-propanol. Instead 1-butanol, the product of the Guerbet coupling of two 
ethanol molecules, is observed to increase with the ethanol feed. Notably, 1-butanol was 
almost completely absent from the methanol feed experiment on the bulk catalyst. 
However, 1-butanol production is still much lower over the bulk than over the supported 
catalyst, which again suggests that though both catalysts primarily employ homologation 






Figure 4.8. Product distributions of oxygenates other than linear alcohols for the 
ethanol feed over Mo/K/MMO-5,3 and Mo/K-bulk 
 
4-3 Conclusions 
The co-feeding of methanol and ethanol over Mo/K/MMO-5,3 and Mo/K-bulk 
highlights several important differences between the two catalysts. First, the supported 
catalyst is substantially more reactive with methanol than the bulk counterpart. While this 
increased reactivity yields greater amounts of higher alcohols, it also yields substantial 
increases in CO2 and hydrocarbon production. The precise nature of the active sites that 
account for this reactivity is not yet known though the experiment with MMO/K-3 
indicated that the support by itself could not facilitate these reactions and that 
Mo/K/MMO domains are in fact required for the enhanced reactivity. 
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The second major finding of this study is associated with the reaction pathways 
leading to higher alcohol formation. It was previously believed that alcohol coupling 
reactions could be occurring on the MMO supported catalyst and that a methanol feed 
would yield significant amounts of 2-methyl-1-propanol while an ethanol feed would 
yield similar amounts of 1-butanol. However while the reactivity data for the methanol 
feed did show an increase in 2-methyl-1-propanol, that increase paled in comparison to 
the increases in linear alcohol and ester production.  
In terms of linear, primary alcohols, the methanol feed yielded the greatest 
increases in ethanol production followed by 1-propanol and 1-butanol. Similarly an 
ethanol feed yielded greatest increases in 1-propanol followed by 1-butanol.  As such, it 
is concluded that alcohol homologation pathways are the most favored or most important 
pathways for higher alcohol formation over the MMO supported catalyst.  These 
pathways also exist on the bulk catalyst, but appear to be much less significant, as this 
catalyst produces more methanol and fewer higher alcohols in general. 
Finally reactivity data for the alcohol co-feeds showed that high concentrations of 
alcohols altered the “minor” product distributions (i.e. oxygenates that were not linear 
alcohols). Specifically high ethanol feeds yielded dramatic increases in ethyl acetate and 
ethyl propionate while high methanol feeds yielded high increases in methyl acetate and 
methyl propionate. These results were most dramatic for the Mo/K/MMO-5,3 catalyst, 
but they were also apparent on the bulk catalyst. Ultimately, this outcome suggests that 
MoS2/K possess the capacity to employ carbonylation reactions to convert alcohols to 
carboxylic acids, to esterify those acids with other alcohols, and potentially reduce the 
resultant ester back to alcohols – one of which has one carbon more in its chain than the 
original reactant alcohol. Confirmation of these pathways nevertheless requires further 





CHAPTER 5: CONCLUSIONS AND OUTLOOK  
 
The work contained in this thesis focuses on various aspects of MMO as a support for K 
promoted MoS2. These aspects include structural properties of the catalyst as well as 
reactivity both with syngas and with alcohols in a heated, pressurized environment. The 
key findings in this work are: 
1. MMO is a unique support for potassium promoted MoS2. The support possesses a 
major advantage over a conventional carbon support and bulk MoS2 in that it 
yields a catalyst with low methanol selectivity but high higher alcohol 
selectivities. The support also possesses several disadvantages. Namely it yields 
higher C2+ hydrocarbon selectivities and lower activity than more traditional 
carbon supported K/MoS2 catalysts. 
 
2. Bare MMO does not facilitate reactions independently of Mo. By itself, MMO is 
several orders of magnitude less active for higher alcohol synthesis than a 5 % 
Mo, 3 % K on MMO counterpart even when heated and pressurized to typical 
reaction conditions. 
 
3. MMO when combined with K is slightly reactive with syngas and alcohols, 
though without Mo, that reactivity is fairly inconsequential. 
 
4. MMO when combined in large proportion with K promoted MoS2 yields novel 
selectivities that cannot be mirrored by changing K loading alone. This result was 
unexpected, as alcohol selectivity is generally believed to be a result of catalyst 




5. The ratio of MMO:Mo has substantially greater effects on selectivity than the 
catalyst preparation method, Mo precursor structure, and MoS2 domain structure. 
The latter characteristics may, however, affect catalytic activity. 
 
6. CO homologation pathways are more active than coupling pathways on MMO 
supported MoS2.  
 
7. Co-feed experiments involving bulk or MMO supported MoS2/K produced 
significant amounts of esters such as methyl acetate, ethyl acetate, methyl 
propionate, and ethyl propionate. The most likely pathway to these products is the 
carbonylation of alcohols to carboxylic acids that are then esterified with other 
alcohols. This pathway however cannot be verified with the presence of 
carboxylic acid in product streams, as they cannot be deconvoluted from other 
reaction products in the chromatogram. 
 
8. In the context of CO hydrogenation, differences between MMO supported MoS2 
and bulk MoS2 are most apparent when methanol is co-fed into the syngas. In that 
environment, the supported material shows substantially higher reactivity with the 
alcohol. Both CO conversion and higher alcohol production are enhanced. 
Additionally, alcohols co-fed with syngas over the supported catalyst yield high 
amounts of hydrocarbons and CO2 in comparison to the bulk analog. 
 
This research provides a solid foundation for future work centered both on 
creating an industrially viable catalyst for higher alcohol synthesis and fundamentally 





1. Addition of olefins rather than alcohols to syngas feed.  
Reactivity data gathered from such experiments would be helpful in verifying the 
pathways driving hydrocarbon formation on MMO supported catalysts. Reactivity 
data strongly suggests the prominence of alcohol dehydration/hydrogenation 
pathways, but experiments are needed to verify them more fully. Additionally it is 
not understood if this pathway is the primary source of C2+ hydrocarbons or if that 
pathway is instead more classical FT insertions that result after CO has been 
dissociatively adsorbed. 
 
2. Syngas free reaction of alcohols and Mo/K/MMO. 
Methanol and ethanol were shown to be reactive with Mo/K/MMO in Chapter 4. 
However the synergistic effects of reacting syngas and alcohols are not well 
understood. Further experiments involving alcohols co-fed with an inert gas 
would prove useful in understanding this relationship. 
 
3. Elucidation of reaction mechanism via 13C labeled reactants. 
Although feeding alcohols and olefins into syngas is helpful in differentiating 
major reaction pathways, reactivity data is insufficient for elucidating the precise 
role of various reactants. Additionally, the source of carbon (i.e. from CO or from 
an alcohol or olefin) in a specific product cannot be determined. By feeding 
labeled alcohols and/or olefins into the syngas feed and analyzing reaction 
products via GC/MS, this information could be obtained.  
 
4. Use of MMO as a promoter rather than a support.  
It has been shown that dispersion of Mo on MMO yields a catalyst less active 
than an activated carbon analog. Additionally, it has been shown that MMO can 
be mixed with bulk MoS2 to yield similar selectivity and only slightly lower 
 80 
 
activity to a MMO impregnated equivalent. As such, a carbon supported catalyst 
promoted with MMO and K together may in fact incorporate the selectivity 
advantages of MMO without the substantial sacrifice in activity normally 
observed in metal oxide supported MoS2 catalysts. 
 
5. Use of Mo k-edge XAS to quantify CUS (coordinatively unsaturated sites) on 
MoS2. 
Several studies have correlated activity and selectivity with CUS, but this 
character is extraordinarily difficult to quantify. Because a supported MoS2 
catalyst has relatively small domains, the presence of CUS might be more 
apparent in curve-fit EXAFS models.  If CUS can be quantified using this method 
and correlations between CUS content and catalyst preparation method may be 
found, new routes to catalyst optimization may be investigated. 
 
6. Mo dispersion analysis on supported materials.  
The main focus of this work has been to understand the effect MMO on the CO 
hydrogenation reaction on K promoted MoS2. However, most the catalysts 
prepared in the study were done so identically. Consequently, it is yet unknown if 
Mo dispersion was optimized for these materials. Because high levels of 
dispersion could potentially yield a more active catalyst, this topic merits further 
investigation. Specifically, carbon supported catalysts could benefit from a 
dispersion-focused study as support-metal interactions are generally assumed to 




5APPENDIX A: MMO IMPREGNATION 
 
The most common procedure for supporting Mo on a material is to dissolve a 
soluble form of Mo such as ammonium molybdate tetrahydrate in a solvent and then 
impregnating a desired material with the resulting Mo solution.  While water is the most 
common solvent for Mo impregnations, its use creates complications when used to 
impregnate MMO.  
Initially, that material is in the hydrotalcite form with Mg+2/Al+3 metal ion layers 
separated by water/CO32- ion layers. When the material is heated to 450 °C in air, the 
carbonate ions and water molecules are lost leaving behind a mixture of MgO and Al2O3. 
or mixed metal oxide (MMO). However, if the material is exposed to water, the layered 
hydrotalcite structure can partially reform. This phenomenon is known as a “memory” 
effect. 117-121 
In the context of Mo impregnation, this outcome results in inconsistent surface 
areas (25 – 180 m2/g) between batches and potential trapping of promoter ions, which can 
lower catalytic activity and potentially alter selectivity. There are six steps involved in 
using hydrotalcites to make an MMO supported K2CO3 promoted MoxO catalyst using 
via aqueous solution impregnation. 
1. Synthesize hydrotalcite. 
2. Decompose hydrotalcite in ambient air in a calcination oven at 450 °C at 5 
°C/min for 2 hours – MMO.  
3. Impregnate resulting MMO is with an aqueous AMT solution and dried at 
135 °C overnight – AMT/MMO. 
4. Load material into in a quartz tube and heat under flowing N2 to 450 °C at 
5 °C/min for 2 hours – MoOx/MMO. 
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5. Impregnate MoOx/MMO with an aqueous solution of potassium carbonate 
and in an oven overnight at 135 °C. 
6. Load MoOx/K2CO3/MMO into a quartz tube and heat under flowing N2 to 
450 °C at 5 °C/min for 2 hours. 
The memory effects mentioned in Chapters 2 and 3 are easily observed in XRD as 
shown in Figure A.1. Virtually all of the diffraction lines associated with hydrotalcite are 
observable in steps 3 and 5, they are however greatly attenuated. This outcome is 
expected due to the absence of carbonate ions in the impregnation solution and lack of 
exposure time of the MMO to water. 





On account of the structural and catalytic inconsistencies created by aqueous 
solution impregnation, a variety of organic solvents were tested as potential impregnation 
solvents to water such as methanol, ethanol, 2-propanol, acetonitrile, acetone, and 
DMSO. However AMT was found to be soluble only in DMSO albeit at approximately 
10 % of its solubility in water. Fortunately at a 5 % Mo loading, AMT solubility in 
DMSO was still high enough to require only a single impregnation step. Additionally, 
K2CO3 was added to the catalyst via dry grinding. The procedure and resulting XRD 
(Figure A.2) are shown below. 
1. Synthesize hydrotalcite. 
2. Decompose hydrotalcite in ambient air in a calcination oven at 450 °C at 5 
°C/min for 2 hours – MMO.  
3. Impregnate resulting MMO is with an solution of DMSO and AMT and 
dried at 135 °C overnight – AMT/MMO. 
4. Load material into in a quartz tube and heat under flowing N2 to 450 °C at 
5 °C/min for 2 hours – MoOx/MMO. 







 Figure A.2 XRD patterns of MMO impregnated with DMSO solution of AMT and 
ground with dry K2CO3. 
 
Unlike the aqueous impregnation procedure, the DMSO/dry grinding procedure 
yields a catalyst that does not have the hydrotalcite structure after the initial 
decomposition (Step 2). Steps 3 and 5 show no evidence of hydrotalcite diffraction lines. 
Additionally, surface areas of different batches of catalysts prepared in this manner are in 
the range of 150 – 200 m2/g. 
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AAPPENDIX B: CONTROLLING SYNGAS COMPOSITION 
 
Forming higher alcohols from syngas by reacting it over MoS2 requires high 
pressures to sustain reasonable rates of reaction. Because that pressure (1000 – 2500 psig) 
is on the upper end of the maximum pressure of a compressed cylinder of H2, CO, and 
N2, simulated syngas must be pre-compressed before being fed into the packed bed to 
make the most use of the gas in the cylinders. Using this method allows the compressed 
gas tanks to be used until their pressure drops to 500 psig rather than the operating 
pressure of the reaction, which is invariably much higher. 
The syngas used in this thesis is created by combining gas from four different 
tanks – CO, H2, N2, 5000 ppm H2S in He. These gases are mixed to a desired composition 
by fixing the flow rate of each gas through a valve or controller and feeding the streams 
into a common tank with a 1.5 L volume as shown in the “Pressurizing Zone” portion of 
Figure B.1. The gas in this tank is assumed to mix via turbulence and diffusion and 
typically has a pressure of 150 to 250 psig. The outlet of this tank is connected to a 
MaxPro DLE 15-1 compressor where it is compressed to pressures as high as 3500 psig 





Figure B.1 A simplified plumbing and instrumentation diagram (P&ID) of the packed 
bed reactor system. 
 
The outlet pressures of the regulators on the four component tanks are set to 500 
psig. Flow of CO, H2, and N2 is controlled by Brooks MFC’s (SLA5850S), which are 
somewhat insensitive to changes in inlet pressure. Flow from the H2S/He tank however is 
controlled by a simple needle valve. This design choice was originally made to save cost. 
In order to maintain constant flow out of a needle valve, flow must be in the “choked” 
regime or it becomes outlet pressure dependent. Essentially, choked flow results from a 
fluid’s velocity reaching sonic speeds. At this threshold increases in inlet pressure or 
decreases in outlet pressure cannot force higher speeds, so flow becomes effectively 
pressure independent. A more thorough treatment of the matter may be found in most 
chemical engineering texts such as Perry’s Chemical Engineer’s Handbook.169 
This phenomenon is essential for the pressurizing of the primary syngas tank 
because its pressure slowly increases with time as it is pressurized. If the pressure of that 
tank becomes too high, the flow out of the needle valve would reduce and in turn lower 
the H2S concentration of the syngas. For a tank of pure He, choked flow requires an 
inlet/outlet pressure quotient of approximately 2.05. Most other gases require a ratio 
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between 1.7 and 1.9.169 As such the pressure of the primary syngas tank must not exceed 
236 psig when the inlet pressure is 500 psig. 
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BAPPENDIX C: SYSTEM CONTROL AND DESIGN 
CONSIDERATIONS 
 
National Instrument’s LabView® software is used to operate and monitor most of 
the reaction parameters on the reactor used in this thesis – namely pressures, flows, and 
temperatures. While a full discussion of the interface and design choices used in the 
software cannot be fully addressed in this thesis, several specific characteristics merit 
treatment.  
First, analog communication (0 – 10 VDC) was chosen over digital (RS-485) in 
the case of MFC communication. While digital input/output is generally more stable and 
more accurate than analog, analog communication was chosen because it is compatible 
with the DAQ hardware which was used to read analog signals from the pressure 
transducers and thermocouples used in the reactor. Analog input/output communication is 
also simpler to program in LabView®.  
Second the LabView® user interface is known as a “VI” or “Virtual Instrument.” 
The VI contains the programming code that collects and process data from the reactor 
hardware. It employs a variety of “sub VI’s” to carry out specific functions within the 
main VI. One particularly important VI is inputs pressure, temperature, and flow data into 
an array of 43,200 points at 0.07 Hz and then overwrites the oldest points once the array 
is filled. From this array metadata is plotted on the computer screen with a refresh rate of 
10 Hz. This design gives the user access to approximately one week of past data and the 
freedom to focus the plot on any group of data points within that period. The sub VI for 
writing to the array is shown in Figure C.1. The portion of the VI that plots the metadata 








Figure C.1. The LabView® subVI that writes pressure, temperature, and flow meta data 






Figure C.2. The portion of the main LabView® VI that plots pressure, temperature, and 
flow metadata. It functions by combining information from the metadata arrays into 






Finally, LabView® 2010 lacks digital PID functionality. However, analog PID 
functionality can be modified such that it performs similar to a PID with digital logic. 
The modification to the analog PID is shown in Figure C.3. Essentially the analog PID 
outputs a value between zero and one. The subVI generates a random number and 
compares it to PID’s output. If the random number is greater than the PID’s output, the 
subVI outputs a “false” value to the main VI. Otherwise, it outputs a “true” value. By this 
method, if the PID outputs a value of 0.9, the subVI outputs “true” 90 % of the time, 
which is approximately what an equivalent digital PID controller would do. 
 
 





CAPPENDIX D: ESTIMATING TRANSPORT PARAMETERS 
 
If accurate catalytic data is to be derived from the results of the studies in this 
thesis, it must be shown that reactions are not transport limited. Specifically it must be 
shown that reaction rates are not a result of mass transport limitations or “hotspots” on 
the catalyst surface. 
To this end, a number of “back of the envelope” calculations are performed to 
verify potential transport imitations. In this appendix, several parameters are calculated 
based on the average catalyst particle size (635 micron, 30 mesh) of Mo/K/MMO-5,3 
reacting at 8 % CO conversion. 
 
C-1 Internal Mass Transport Effects (Weisz-Prater Criterion) 
If reaction rate is sufficiently high or pore diffusion is sufficiently low, a reaction 
can become diffusion limited rather than rate limited. The Weisz-Prater criterion is a non-
dimensional comparison between rate of reaction and mass diffusion inside a pore. When 
the Weisz-Prater number (WPN) is less than 0.25, transport limitations from pore 
diffusion may be assumed to be negligible. When the value is greater than 5, pore 




Robs is the observed rate of reaction of the catalyst. L is the catalyst particle radius. 
Deff is effective pore diffusion. CA is the reactant gas concentration at the particle surface. 
For the sake of simplicity and obtaining results that are reasonably close to true values. 
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Several approximations are be made to calculate the WPN for the catalyst studied in this 
appendix.  
First, because particle diameter is fairly large, Deff must be estimated from a 
combination of Knudsen and binary diffusivities. Binary diffusion is estimated from the 
Lennard-Jones parameters of CO and ethanol. H2 is not used because it is assumed to 
diffuse faster than CO and therefore be less likely limit reaction rate. While the reaction 
of CO and H2 produces far more than one product, using ethanol as a model product is 
sufficient for this calculation as other products will not have drastically different 
properties. A pore diameter of 10 nm is used to compute Knudsen diffusion. This value is 
within the range of a mesoporous material and is approximately the size of a pore in 
MMO. is com. A more thorough treatment of diffusion coefficients may be found in 
Chemical Engineering Kinetics.170 
Second, reaction rate is calculated assuming CO is converted at a 1.0 to 0.9 ratio 
with hydrogen. This ratio results from the assumption that the WGS reaction consumes 
all excess oxygen by forming CO2 (which is reasonable for a strong WGS catalyst like 
MoS2) and that the average product chain length is 3 carbons. Under these conditions 8 % 
of CO conversion equates approximately to 7.2 % conversion of the total syngas 




Given that the result is several orders of magnitude below the 0.25 threshold, 





C-2 External Heat Transfer (“Hotspots”) 
External heat transfer can result in localized increases in catalyst particle surface 
temperature, which can intern alter catalyst structure or alter reactivity. The phenomenon 
results from high reaction enthalpies that produce heat more quickly than can be 
dissipated across a reactor wall or catalyst surface. This temperature change is estimated  
by dividing the heat generated by the reaction over the heat transfer coefficient as shown 
below. 
 
ΔHrxn is the overall reaction enthalpy. h is the heat transfer coefficient. Robs is the 
observed rate of reaction of the catalyst. L is the catalyst particle radius.   Robsand L are 
approximated in the same fashion as they were in the WPN equation. ΔHrxn is estimated 
according to the reaction enthalpies of the main products formed in the reaction 
(methane, ethane, propane, methanol, ethanol, propanol, and butanol) that have been 
adjusted according to approximate selectivity of the catalyst at 8 % CO conversion. h is 
estimated from the Chilton-Colburn analogy which is covered in a variety of chemical 
engineering texts such as Transport Phenomena.171 The expression may be evaluated as 
shown below. 
 
A change of 0.4 K in surface temperature of the catalyst is smaller than the 
fluctuations in reactor temperature (± 2 °C) and is consequently negligible with respect to 
the reaction. 




DAPPENDIX E: ADDITIONAL CONTROL EXPERIMENTS 
 
A multitude of control experiments were carried out over the course of the studies 
reported in this thesis. While literature provided a strong basis for expectations 
concerning catalyst reactivity, topics concerning effect of sulfidation method and 
temperature required verification in the context of the MMO supported catalyst and the 
reactor. Additionally, Mo-free and K-free catalysts were tested in the reactor to provide 
information of the direct effects of these components on the CO hydrogenation reaction.  
 
D-1 Reaction 
D-1-1 Reactivity of ex-situ sulfided catalyst compared in-situ sulfided catalyst 
The catalysts discussed in Chapters 2 – 5 were sulfided in-situ at 450 °C in 10 % 
H2S/H2, reacted immediately with syngas under the conditions listed in Table 2.1, 
passivated, and then characterized. However, for the sake of characterization before 
reaction but after sulfidation, a 0.5 g aliquot of a batch of Mo/K/MMO-5,3 was instead 
sulfided ex-situ, passivated, and then reacted without further pretreatment. This catalyst 
will be referred to as “Mo/K/MMO-5,3-PS450-ex-situ.” A 1.0 g aliquot from the same 
batch was also sulfided in-situ and reacted for direct reactivity comparison. This catalyst 
will be referred to as “Mo/K/MMO-5,3-PS450-in-situ” and is analogous to the 
“Mo/K/MMO-5,3” catalysts referred to in previous chapters of this thesis.  Reactivity for 
these two catalysts is reported in Table 5.1.  
The catalysts have similar C2+OH, hydrocarbon, and CO2 selectivities, and vary 
most in methanol selectivity though even that variation is relatively small and within the 
range generally observed for the “5,3” catalysts. The catalysts also show somewhat 
higher total hydrocarbon selectivity than other batches of catalyst. This outcome is 
attributed to the age of the reactor at the time of the reactions. Over the course of the 
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research used in this thesis, several of the reactors produced higher amounts of 
hydrocarbons after approximately 6 months of use when loaded with a catalyst and were 
somewhat more reactive with syngas when run without catalyst under standard reaction 
conditions (0.1 – 0.5 % CO for aged reactors and 0.01 – 0.04 % for new reactors). The 
“in-situ” catalyst showed substantially lower C2+OH productivity than is expected. While 
a smaller aliquot was used for reaction (on account of insufficient material to react a full 
gram), that quantity should not affect productivity because it is scaled according to g of 
Mo in the catalyst. For that reason it is assumed that the lower productivity is a result of 
the catalyst being deactivated by the passivation process. Because selectivities were fairly 
similar, it may be assumed that structural differences between the two catalysts is 
minimal. The two catalysts showed identical XRD patterns (not shown). Nitrogen 
physisorption data was not collected for the catalysts. 
D-1-2 Effect of sulfidation and sulfidation temperature. 
Two other 1 g aliquots of the same batch of Mo/K/MMO-5,3 catalyst also loaded 
into the reactor and reacted with syngas. The first was sulfided in 10 % H2S/H2 at 310 °C 
for 2 hours (“Mo/K/MMO-5,3-PS310-In-situ”) and then reacted under the standard 
conditions listed in Table 2.1. The second was not exposed to 10 % H2S/H2 at all. Instead 
it was heated to 450 °C in syngas for 2 hours at 5 °C /min, allowed to cool to 310 °C,  
and then reacted under the same conditions as the other catalysts (“Mo/K/MMO-5,3-
NPS”). 
Reactivity results are shown in Table 5.1. Mo/K/MMO-5,3-PS310-In-situ showed 
lower alcohol selectivity and slightly higher overall activity than the catalysts sulfided at 
450 °C. This outcome is expected because 310 °C is understood to yield incomplete 
sulfidation of Mo. However, because the catalyst was not heated to 450 °C, the 
possibility remains that the K loaded on the catalyst did not sufficiently migrate to 
maximize alcohol selectivity. 
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Mo/K/MMO-5,3-NPS showed surprisingly low activity but very high 
hydrocarbon selectivity. The best explanation is that the alkali deactivated most of the 
hydrocarbon forming sites on the MoOx domains. Because there were minimal active 
MoS2 sites on the catalyst, alcohol production was also minimal. 
D-1-3 Effect of K promotion 
To test the hypothesis that K promoted MMO supported MoOx was fairly inactive 
for both hydrocarbon and alcohol production. An MMO supported Mo catalyst was tested 
without the addition of K2CO3 (Mo/MMO-5). This catalyst was pretreated in 10 % H2S/H2 
and reacted under the conditions specified in Table 2.1. Reactivity results are reported in 
Table 5.1 
Mo/MMO-5 was substantially more active than the other catalysts discussed in 
this appendix. It was also the most selective for hydrocarbons, which is expected. These 
results provide confirmation that while basic, MMO by itself cannot replace alkali in 
promoting higher alcohol and/or suppressing hydrocarbon formation. The unpromoted 
catalyst was highly selective for C2+ hydrocarbons. An interesting follow-up study would 
be to test an unpromoted bulk MoS2 catalyst in the reactor and to compare chain growth 
probabilities accordingly. MMO could potentially promote chain growth in the form of 
alcohols or in hydrocarbons. 
D-1-4 Effect of Mo 
Reactivity results for a 1 g aliquot of MMO/K-3 are also reported Table 5.1. The 
catalyst was presulfided and reacted catalyst under the same conditions reported in Table 
2.1. While this catalyst is from a different batch than the MMO/K-3 catalyst used in 
Chapter 4, the reactivity results are similar. Primarily, CO conversion was low while 
hydrocarbon selectivity was high. CO2 selectivity was well over 50 %, which is 
statistically impossible, however because conversion is so low chromatogram peaks on 
the GC were also very small and consequently subject to substantially more error than 










D-2 Using XANES to Monitor Mo Oxidation 
 XANES can be used to track the level of oxidation in a supported Mo catalyst. 
Using the same parameters discussed in Chapter 3, the XANES of catalysts investigated 
in this appendix were analyzed at BNL. Additionally, several bulk Mo standards (MoO3, 
MoO2, MoS2, Mo foil) were also analyzed for comparison.  
Normally, the absolute value of an absorption edge is estimated from the first 
maxima of the first derivative of the XANES data. However when relative comparisons 
are being made, it is more useful to normalize the absorption edges of the materials being 
studied, pick a defensible value (normally between 0.3 and 0.7), and compare each 
material at that specific point. The materials with the lowest corresponding energies are 
considered to be the most reduced while those with the highest energies are considered to 






This data is shown in the vertical axis of Figure E.1 for the following catalysts 
and bulk standards: 
1. Mo/K/MMO-5,3-NPS unreacted 
2. Mo/K/MMO-5,3-NPS after 1 day of reaction 
3. Mo/K/MMO-5,3-NPS after 3 days of reaction 
4. Mo/K/MMO-53,-PS310 after 3 days of reaction 




9. Mo foil 
The horizontal axis is reported in terms of formal oxidation state, which is used 
primarily because it is a well-known reference frame for transition metal compounds. 
Expectedly, the unreacted “NPS” catalyst is closest in energy to MoO3. As the NPS 
catalyst is exposed to H2S in the syngas (50 ppm at 1500 psig), it is slowly reduced over 
time to a sulfide giving it a similar oxidation level as MoO2. The rate of reduction drops 
as time increases however as is seen by the drop in energy difference between the 
unreacted and 1 day reacted sample and the drop between the 1 day reacted and 3 day 
reacted sample.  
Additionally, these results suggest that the NPS catalyst will never reach the same 
level of sulfidation as the “PS310” catalyst. The “PS450” catalyst fairly close in 
oxidation level as bulk MoS2 and is also further sulfided than the “PS310” catalyst, which 
suggests that a treatment temperature of 450 °C is likely sufficient to fully sulfide the 
catalyst while 310 °C is not. Finally, this data suggests that the level to which Mo can be 
sulfided is dependent on both temperature and H2S concentration.  
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The data shows that MoS2 is substantially more reduced than MoO2, which might 
be unexpected because both compounds have a formal oxidation state of 4. This 
discrepancy may be explained by considering the electronic nature of the two 
compounds. Namely, oxygen is more electronegative than sulfur. As such, the Mo-O 
bond has more ionic character than a Mo-S bond, which will has more covalent. Formal 
oxidation states are assigned with the assumption that a compound is completely ionic. A 
deeper discussion of this topic along with quantitative comparisons with DFT-computed 
partial charges is covered by Li et al.172  
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